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I ~^A  landing  system  simulation  program  has  been  carried  out  in  support  of  the 

Microwave  Landing  System  (MLS)  prograai  of  the  Federal  Aviation  Administration. 

Both  scanning  beam  and  doppler  scan  techniques  were  simulated  and  several  angle 
I processors  were  tested  with  each  technique.  This  report  contains  the  results  of 
I extensive  simulation  evaluations  on  tlie  time  reference  scanning  beam  (TRSB)  system. 

The  results  of  the  doppler  simulation  tests  are  published  in  the  Calspan  Technical 
I notes  referenced  in  this  report. 

A representative  set  of  multipath  parameters  was  selected  and  used  to 
I explore  the  dynamic  characteristics  of  the  TRSB  technique.  Tests  were  run  to 
I determine  the  multipath  error  magnitude  as  a function  of  separation  angle,  ampli- 
1 tude,  scalloping  frequency  and  different  processor  parameters.  These  tests  were 
conducted  on  a TRSB  simulator  that  uses  a computer  to  control  the  multipath  para- 
meters for  each  scan.  Typical  multipath  scenarios  were  programed  that  represented 
the  signals  an  aircraft  would  receive  when  flying  through  a multipath  interference 
region.  Some  of  the  multipath  scenarios  used  in  the  IGAO  AWOP  evaluations  were 
simulated . 

The  receivers  used  in  the  ICAO  flight  test  program  were  evaluated  in  the 
simulator.  A breadboard  processor  was  develoi)cd  that  operates  as  a dwell  gate 
processor,  similar  to  the  flight  test  receivers,  or  as  a single  edge  processor 
(SEP)  to  evaluate  the  flare  system. 

A closed  loop  simulation,  including  aircraft  and  autopilot  characteristics, 
MLS  signals  with  dynamic  multipath  characteristics  and  the  MLS  processor,  was  used 
to  determine  the  aircraft  perturbations  resulting  from  hangar  multipath  reflections. 
The  effectiveness  of  MLS  rate  derived  data  in  compensating  for  wind  shear  effects 
I .was  demonstrated  I 
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Section  1.0 
INTRODUCTION 


The  material  in  this  report  is  prepared  in  support  of  the  Microwave 
Landing  System  (MLS)  program  for  the  Federal  Aviation  Administration.  This 
report  contains  the  results  of  simulator  evaluations  of  the  TRSB  receivers. 

Analyses  and  simulation  evaluations  were  conducted  on  the  scanning 
beam  and  doppler  techniques  in  support  of  the  selection  process  to  determine 
the  technique  to  be  proposed  by  the  U.S.  as  the  common  international  MLS. 

After  the  selection  of  the  time  reference  scanning  beam  (TRSB)  system  as  the 
candidate  system  for  submission  to  the  International  Civil  Aviation  Organization 
(ICAO)  the  analyses  and  simulations  concentrated  on  the  TRSB  system. 

The  Calspan  simulator  was  modified  to  represent  the  proposed  TRSB 
signal  format.  Simulations  were  conducted  to  measure  the  performance  character- 
istics of  the  TRSB  system  in  a multipath  environment.  The  flight  test  receivers 
were  tested  in  the  TRSB  simulator.  Performance  data  on  the  flight  test  receivers 
was  used  in  the  ICAO  evaluations  of  the  systems  proposed  for  MLS.  The  hardware 
simulations  provided  measurements  of  the  multipath  errors,  interference  effects 
and  low  signal  level  capabilities  of  the  TRSB  system.  Data  developed  in  the 
simulator  evaluations  of  the  flight  test  receivers  provided  a measure  of  how 
well  the  Lincoln  Laboratory  computer  model  approximated  the  performance  of  the 
TRSB  receivers. 

1 . 1 Background  Information 

Twelve  technical  notes  (References  1 through  12)  have  been  prepared 
under  this  contract.  The  first  two  provided  technical  data  and  suggested 
specifications  for  the  preliminary  functional  requirements  document.  Technical 
Note  3 presented  comparative  performance  data  of  simulator  tests  on  the  multi- 
path  performance  of  the  two  projiosed  FM  encoded  scanning  beam  systems,  the 
time  reference  scanning  beam  (TRSB)  system  and  the  two  competing  doppler  systems. 

These  simulator  tests  showed  the  IRSB  and  dop|iler  system  will  have  comparable 
multipath  errors  j)roviding  the  grating  lobe  frequencies  inherent  in  the  doppler 
azimuth  and  elevation  data  systems  are  sviff iciently  high  so  that  motion  averaging 
is  effective  in  reducing  the  errors  from  hangar  reflections. 
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Calspan  TN-4,  TN-5  and  TN-6  contain  the  results  of  simulator  tests  on 
the  Phase  21/2  and  Phase  3 receivers  and  the  breadboard  single  edge  processor. 
These  tests  included  multipath  errors,  low  signal  level  tests  and  the  effects  of 
propeller  modulation.  The  tests  provided  a data  base  for  the  ICAO  submissions. 

Technical  Notes  7 and  10  provided  information  on  simulator  evaluations 
of  the  doppler  system.  TN-7  includes  data  on  tests  run  with  the  ITT  Gilfillan 
processor  at  multipath  levels  near  0 dB  and  showed  a significant  increase  in  the 
errors  for  these  high  levels  of  multipath.  The  AGC  design  in  this  processor 
appeared  to  be  susceptible  to  multipath  levels  above  -2  dB.  Tests  were  also 
run  to  measure  the  out-of-beam  azimuth  multipath  error  as  a function  of  scallop- 
ing frequency  to  verify  the  results  of  the  Lincoln  Laboratories  doppler  computer 
model  that  showed  significant  errors  occurring  at  subharmonics  of  the  grating 
lobe  frequency  for  the  U.K.  correlation  processor.  The  effectiveness  of  center 
line  emphasis  and  higher  reference  signal  levels  was  evaluated. 

In  TN-10  a breadboard  of  the  U.K.  doppler  AGC  system  was  tested  under 
various  multipath  situations.  Large  amplitude  variations  during  a doppler  scan 
period  were  noted  that  could  have  a significant  effect  upon  the  digital  correlator 
in  the  airborne  processor. 

Calspan  Technical  Note  8 includes  the  results  of  simulation  tests  on 
TRSB  processors  when  subject  to  weather  radar  and  CW  signal  interference.  In 
TN-11  tests  results  are  included  on  the  effects  of  high  levels  of  multipath 
that  exceed  the  processor  thresholds.  The  performance  of  the  single  edge 
processing  (SEP)  technique  when  subject  to  multipath  interference  on  the  single 
edge  used  for  thresholding  are  shown  in  TN-9  and  12.  TN-12  also  shows  the  per- 

formance advantages  of  using  the  SEP  as  the  elevation  processor. 

In  addition  to  the  twelve  technical  notes  a simulation  study  was 
conducted  under  subcontract  by  Bendix  Flight  Systems  Division  using  the  DC-10 
simulation  to  determine  DME  accuracy  requirements.  A coupled  approach  was 
simulated  using  MLS  elevation  guidance  up  to  the  flare  initiation  point  that 
was  determined  from  the  DME  and  elevation  data.  The  autoland  was  accomplished 
using  radio  altimeter  and  MLS  flare  data.  The  results  of  this  study  are  reported 
in  Reference  13. 
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Scope  of  Report 

This  report  summarizes  the  results  of  the  simulation  evaluations  reported 
in  the  technical  notes  on  the  TRSB  system.  The  conclusions  resulting  from  the 
simulation  tests  are  summarized  in  Section  2 of  this  report.  These  tests  measured 
the  performance  characteristics,  errors  when  subject  to  multipath  signals  and  the 
effects  of  interference  such  as  the  weather  radars  or  CW  signals  and  propeller 
modulation  on  the  TRSB  receivers.  The  TRSB  simulation  facility  used  in  evaluating 
the  MLS  receivers  is  described  in  Section  3. 

Section  4 summarizes  the  significant  test  results  on  the  performance 
of  the  Phase  2 1/2  and  Phase  3 receivers  that  utilize  thresholds  for  determining 
beam  centroids  to  measure  the  time  interval  between  the  TO-FRO  scanning  beams 
that  decodes  the  angle  information.  This  processing  technique  is  referred  to 
as  the  dwell  gate  processing.  The  data  in  Section  4 is  taken  from  Calspan 
Technical  Notes  4,  5,  6 and  11.  These  data  cover  the  performance  of  the  receiver 
when  subject  to  various  multipath  situations  and  when  operating  at  low  signal 
levels . 

The  single  edge  processing  (SEP)  technique  is  described  in  Section  5 
and  includes  the  results  reported  in  TN-4,  TN-6,  TN-9  and  TN-12.  The  SEP 
technique  has  been  proposed  for  the  flare  processor  since  it  determines  the 
beam  threshold  using  only  the  one  edge  of  the  beam  that  is  least  affected  by 
the  ground  multipath  reflections.  Data  are  presented  that  show  the  SEP  technique 
will  be  equally  effective  in  reducing  the  multipath  errors  when  used  to  process 
the  elevation  data. 

Section  6 reports  the  results  of  a limited  number  of  closed  loop 
simulations  that  show  the  effects  of  hangar  multipath  reflections  on  an  aircraft 
making  a automatic  approach  using  the  MLS  elevation  data.  An  available  analog 
computer  simulation  of  the  707  aircraft  was  used  in  the  simulations. 

The  results  of  simulations  to  determine  the  effects  of  propeller 
modulations  on  the  MLS  receiver  are  included  in  Appendix  A.  These  results  were 
reported  in  the  first  edition  of  Calspan  TN-4.  The  combined  effect  of  multipath 
hangar  reflections  and  propeller  modulations  were  evaluated. 
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The  results  of  tests  to  determine  the  effects  of  interferring  signals 
such  as  a weather  radar  or  CW  signals  on  the  TRSB  processors  were  reported  in 
Calspan  TN-8.  These  data  are  included  in  Appendix  B. 


1-4 


Section  2.0 
CONCLUSIONS 


The  following  conclusions  and  observations  are  made  from  the  test 
results.  They  are  numbered  the  same  as  the  sections  that  follow  to  facilitate 
examination  of  the  detailed  discussions  and  graphs. 

(5.0)  Simulation  1-acility 

• The  simulator  has  proven  very  useful,  not  only  for  multipath  tests 
but  for  a variety  of  interference,  propeller  modulation  and  processor 
performance  tests  as  well.  Tests  were  carried  out  with  flight  test 
receivers  and  a breadboard  receiver  with  two  different  angle  process- 
ing techniques. 

• Since  the  hybrid  simulation  uses  the  actual  RF  receiver  and  processor 
components  all  the  receiver  nonlinearities,  dynamic  range  effects  and 
noise  effects  and  their  interactions  are  realistically  represented  and 
included  so  that  the  performance  data  is  representative  of  flight  test 
results. 

• Simulator  tests  with  actual  hardware  are  essential  on  all  new  process- 
ing techniques  and  can  reduce  the  amount  of  flight  testing  required 

on  new  processors. 

• This  simulation  facility  permits  evaluating  the  receivers  over  a 
large  number  and  range  of  parameters  within  a very  short  test  period. 

• Simulator  evaluations  are  more  effective  than  flight  tests  for 
measuring  processor  multipath  performance  since  the  multipath 
parameters  can  be  precisely  controlled. 

(4.0)  Dwell  Gate  Processors 

(4.2)  Receiver  Characteristics 

• The  acquisition,  confidence,  and  flag  circuitry  worked  well  in  the 
flight  test  receivers.  In  the  Phase  2 1/2  receiver  the  time  period 
for  acquisition  was  about  2 seconds  and  7 seconds  for  track  confidence. 
In  the  Phase  3 receiver  acquisition  occurs  in  1.5  seconds  or  less  for 
azimuth  and  elevation  data  down  to  signal  levels  between  -104  dBm 

and  -lOb.5  dBm  for  the  four  receivers  tested.  For  -05  dBm  signal 
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‘ levels  acquisition  requires  about  1 second.  This  receiver  uses  a 

I 15  second  track  confidence  counter. 

I • The  Phase  3 receiver  a,B  data  filter  exhibited  reduced  average  errors 

in  the  baseline  tests  but  higher  noise  errors  at  the  lower  scalloping 
frequencies  (0.3  Hz  used  in  baseline  tests  where  the  filter  has  a 
2 dB  overslioot)  and  slightly  improved  filtering  at  the  higher 
scalloping  frequencies  compared  to  the  Phase  21/2  receiver  10 
radian/second  filter.  The  digital  implementation  of  this  receiver 
was  very  stable  in  contrast  to  instabilities  in  dwell  gate  threshold- 
ing of  the  Phase  2 1/2  receiver. 

(4.5)  Characteristics  of  Multipath  Effects 

• The  baseline  tests  confirm  the  previous  tests  and  analytical 

j derivations  of  multipath  error.  Motion  averaging  reduces  the 

multipath  errors  significantly.  In  case  the  multipath  reaches 
the  level  of  the  dwell  gate  threshold,  the  errors  can  become 
■ large.  The  single  edge  processors  for  elevation  data  show  a 

dramatic  reduction  in  the  multipath  error. 

. 4 

' • The  data  rate  jitter  incorporated  into  the  signal  format  eliminates 

the  error  peaks  that  are  associated  with  the  grating  lobes  of  a 
regular  data  rate.  However,  the  averaging  between  grating  lobes 
becomes  less  effective  so  the  overall  motion  averaging  improvement 
is  somewhat  reduced. 

• Receiver  threshold  level  setting  in  the  dwell  gate  processor  has 
a pronounced  effect  on  multipath  errors.  The  error  becomes  large 
when  the  multipatl\  level  reaches  the  tlireshold  so  low  thresholds 
are  undesirable.  The  -3  dB  threshold  used  in  the  flight  test 
receiver  is  a good  compromise  between  multipath  susceptibility 
and  noise  disturbance  requirements. 

• The  Phase  2 1/2  and  I’hase  3 receivers  did  not  exhibit  any  significant 
difference  in  the  scalloping  frequency  tests.  The  elevation  errors 
tended  to  be  reduced  at  higher  scalloping  frequencies  as  the  i)hase 
difference  between  the  DOWN-UP  beams  approached  180°.  I'or  azimuth 
the  errors  are  a minimum  for  scalloping  frequencies  at  odd  multiples 
of  the  time  difference  between  the  TO  and  PRO  beams. 
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• Beamwidth  Effects 


A wider  beamwidth  illuminates  proportionately  more  reflectors  thus 
increasing  the  amount  of  multipath  that  may  occur.  The  errors  that 
may  be  caused  by  multipath  are  also  increased  proportionately  to 
the  beamwidth.  However,  for  small  multipath-to-direct  separation 
angles  that  would  be  typical  of  many  hangar  reflections  in  elevation, 
the  wider  beamwidth  errors  are  only  moderately  greater  than  those 
for  the  narrower  beamwidth.  Narrow  beamwidth  (0.4°)  baselines  tests 
with  the  Phase  3 receiver  showed  reduced  peak  errors  approximately 
proportional  to  the  beamwidth  reduction  and  the  smaller  range  of 
separation  angles  for  in-beam  multipath  errors. 

• Sidelobe  Effects 

Sidelobe  multipath  can  cause  appreciable  errors  if  it  is  not  kept 
small.  The  errors  are  particularly  large  for  the  wider  beamwidth 
antennas.  In  order  to  keep  these  errors  within  limits,  it  will  be 
necessary  to  ensure  that  the  multipath  sidelobes  immediately 
adjacent  to  the  main  beam  do  not  exceed  -20  dB  from  the  direct 
beam  level. 

• Out-of-Beam  Multipath 

Out-of-beam  multipath  is  effectively  eliminated  by  the  tracking 
gate.  If  it  exceeds  the  tracked  signal  and  persists  long  enough, 
depending  on  the  receiver  confidence  circuitry,  it  may  cause  the 
receiver  to  drop  track  and  return  to  the  acquisition  mode.  The 
confidence  limits  (times)  are  readily  varied  parameters  of  the 
receiver  design.  When  two  equal  (within  ±1  dB)  signals  were 
applied  to  the  flight  test  receiver  in  the  acquisition  mode,  it 
would  not  acquire  either  signal.  Otherwise,  it  always  acquires 
the  larger  of  the  signals  presented  to  it.  The  signal  validation 
logic  in  the  Phase  3 receiver  maintains  track  for  15  seconds 
before  acquiring  a multipath  signal  that  is  1 dB  greater  than  the 
tracked  signal.  This  only  occurs  in  15  seconds  if  the  multipath 
signal  always  exceeds  the  tracked  signal  by  1 dB. 
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• High  Level  Multipath  Tests 

Multipath  levels  of  -2  dB  and  higher  will  cause  noisy  performance 
in  the  Phase  3 receiver  for  multipath  separation  angles  between 
1.0  and  1.75  degrees  when  the  multipath  phase  is  iTear  180  degrees. 
The  -2  dB  and  higher  multipath  at  separation  angles  between  1.0 
and  1.75  degrees  has  not  been  a design  consideration  in  TRSB  since 
it  is  difficult  to  postulate  a realistic  scenario.  Modifications 
can  be  made  in  the  tracking  gate  control  logic  of  the  Phase  3 
receiver  that  should  result  in  normal  errors  even  at  -1  dB  multi- 
path  levels. 


(4.4)  Results  of  Multipath  Scenario  Tests 


^ • Hangar  Reflections  in  Klevation 

■ The  Phase  5 receiver  exhibited  a significant  improvement  for  the 

* AWOP  hangar  multipatli  scenarios  as  compared  in  the  Phase  21/2 

receiver.  Building  B-2  in  the  AWOP  scenario  was  the  only  hangar 
elevation  multipatli  to  cause  significant  errors.  This  error 
reduction  is  a result  of  the  a, 8 data  filter  and  the  narrow  track- 
ing gates. 

• Effects  of  Aircraft  Sjieed 

Tests  were  run  at  40,  80  and  120  (some  128)  knots.  There  w.is  no 
simple  relationship  of  error  to  speed  but  the  maximum  errors 
occurred  at  the  lower  speeds.  The  duration  of  the  errors  is, 
of  course,  inversely  proportional  to  the  speed. 
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• Aircraft  Reflections 

At  the  likely  multipath  amplitudes  of  -10  dB  and  below,  aircraft 
reflections  cause  oi.ly  small  errors.  If  the  multipath  should  reach 
-6  dB,  significant  errors  can  occur  but  their  effect  is  alleviated 
in  any  case  by  the  short  duration  (<1  second)  of  the  exposure. 
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t Azimuth  Ground  Reflections 

An  irregular  reflecting  surface  in  front  of  the  azimuth  antenna 
can  introduce  significant  errors  if  it  is  strongly  illuminated. 

As  the  scalloping  frequency  is  very  low,  the  errors  would  tend  to 
show  up  as  a bend  in  the  beam  that  actually  divert  the  aircraft 
from  the  desired  track.  Every  effort  must  be  made  to  keep  the 
multipath  level  low  or  the  separation  angle  small  by  considerations 
of  antenna  design  and  surface  configuration  (including  snow  cover). 

• Errors  similar  to  those  found  in  the  flight  tests  for  threshold 
screen  multipath  were  produced  with  the  Phase  2 1/2  receiver  and 
a screen  simulation  scenario.  It  was  necessary  to  increase  the 
separation  angle  to  0.6°  (by  tilting  the  screen)  in  the  simulated 
scenario  to  make  the  errors  as  large  as  the  field  tests. 

For  the  other  screen  tests  the  uneven  surface  and  unknown  tilt  of  the 
screens  made  it  impossible  to  reproduce  flight  test  recordings  by  the  screen 
simulation  with  a single  flat  surface.  However,  the  error  magnitudes  could  be 
bounded  by  proper  selection  of  multipath  amplitudes  and  screen  tilts. 

(5.0)  Single  Edge  Processing  (SEP) 

(5.2)  SEP  for  Flare 

• In  the  case  of  elevation  data,  the  multipath  distortion  occurs 
principally  on  the  inside  beam  edges  for  typical  hangar  reflections 
for  elevation  and  the  surface  in  front  of  the  flare  antenna. 

Single  edge  processing  greatly  reduces  the  effect  of  this  elevation 
multipath. 

• The  SEP  angles  have  a bias  since  they  are  derived  from  measurements 
on  one  side  of  the  beams.  A beamwidth  measurement  is  needed  to 
correct  this  bias  and  an  average  dwell  gate  measurement  appears 

to  be  adequate.  Accurate  beamwidth  measurements  for  the  SEP  can 
be  made  with  a digital  dwell  gate  processor.  If  the  beamwidth 
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measurement  is  averaged  10  to  20  seconds  the  effects  of  hangar 
multipath  will  be  insignificant  for  elevation.  The  effects  of 
ground  reflections  for  flare  can  be  made  insignificant  if  the 
beamwidth  measurement  is  averaged  for  a period  of  about  25 
seconds  before  touchdown.  The  effects  of  beam  broadening  from 
a focused  flare  antenna  must  be  evaluated. 

• Nonlinearities  in  the  logarithmic  IF  amplifier  can  cause  beamwidth 
variations  as  a function  of  signal  level.  If  adequate  linearity  of 
the  log  characteristic  can  not  be  assured,  it  will  be  necessary 

to  calibrate  the  receiver  as  a function  of  signal  level.  This  can 
be  done  by  comparing  simultaneously  the  SF.P  and  dwell  gate  jirocessor 
outputs  in  the  absence  of  multipath. 

• The  simulator  tests  have  shown  that  the  variation  in  dwell  gate  width 
can  be  used  to  reduce  tlie  SFP  flare  inulti])ath  error  to  less  than 

2 feet  with  -25  dB  sidelobes  at  the  worst  case  touclidown  tested 
(8  ft  aircraft  antenna  height  and  touchdown  at  4000  ft  from  the 
flare  antenna).  The  correction  results  in  a modest  reduction  in  the 
rate  error.  If  the  sidelobe  levels  can  be  ke])t  to  -50  dB  these 
corrections  will  not  be  necessary. 

• The  SFF  was  found  to  be  more  effective  in  reducing  the  errors  from 
surface  reflections  in  the  flare  scenarios  than  the  multipath  control 
technique  (MCT) . MCT  was  evaluated  with  jwwer  jirograming  on  the 
ground  transmissions  and  an  airborne  correction  that  is  a function 
of  the  indicated  angle. 

• Closed  loop  simulation  tests  of  the  SFP  witli  aircraft  dynamics  and 
autopilot  control  to  touclidown  are  required  to  determine  tlie  accuracy 
reciuirements  on  the  flare  angle  and  angle  rate  data.  In  many  flare 
couplers  the  rate-of-descent  command  is  derived  from  the  altitude 
and  altitude  rate  measurements  so  that  errors  in  these  measurements 
can  interact  in  the  closed  loop  system. 
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(5.3)  SEP  for  Elevation 


• The  SEP  can  be  used  for  elevation  as  well  as  flare  data  to 
significantly  reduce  errors  from  hangar  reflections. 

• Single  edge  processing  is  especially  effective  for  slow  moving 
helicopters  in  heliport  scenarios. 

• The  SEP  technique  will  result  in  larger  errors  for  multipath 
occuring  at  a higher  elevation  angle  (position  multipath)  than 
the  direct  signal . 

% Elevation  hangar  scenarios  that  generate  significant  levels  of 
multipath  result  in  rather  large  negative  multipath  separation 
angles.  Thus,  the  "tilted"  hangars  can  not  generate  positive 
multipath  separation  angles  that  could  interfere  with  SEP  thresh- 
olding. 

• Multipath  can  occur  at  positive  separation  angles  from  hangar 
edge  diffraction  but  its  amplitude  is  too  low  to  significantly 
affect  the  SEP. 

• Dual  mode  single  edge  and  beam  centroid  processing  only  requires 
additional  algorithms  in  the  microprocessor  and  is  feasible  for 
future  TRSB  processors. 

(6.0)  Aircraft  Closed  Loop  Tests 

• The  aircraft  flight  path  deviations  and  control  motions  resulting 
from  the  AWOP  B2  hangar  multipath  are  insignificant  for  aircraft 
making  an  automatic  approach. 

• Autopilots  deriving  rate  data  from  MLS  elevation  angle  signals 
would  be  effective  in  reducing  flight  path  displacements  caused  by 
vertical  wind  shears. 

• It  may  be  desirable  to  use  single  edge  processor  when  a rate  type 
autopilot  is  used  to  minimize  control  motions  induced  by  hangar 
multipath . 
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• The  SEP  produces  insignificant  flight  path  deviations  and  control 
motions  as  a result  of  hangar  multipath. 

(Appendix  A)  Propeller  Modulation  Effects 

• Propeller  modulation  has  no  appreciable  effect  at  high  signal 
levels  in  the  absence  of  multipath  for  both  elevation  and  azimuth. 

At  low  azimuth  signal  levels  near  acquisition,  propeller  modulation 
causes  a slight  increase  in  angle  errors  but  principally  it  increases 
the  number  of  missed  scans  when  it  eclipses  an  angle  beam  or  DPSK 
signal.  Even  so,  at  the  required  acquisition  level  of  less  than 

50%  missed  scans,  random  propeller  modulation  at  the  8 dB  eclipsing 
level  causes  less  than  2 dB  equivalent  reduction  in  signal  level. 

Worst  case  propeller  modulation  causes  more  losses  (b  dB)  in  the 
azimuth  case  but  this  requires  a propeller  speed  locked  to  the 
data  rate  and  phase  shifted  for  maximun.  number  of  eclipses  which 
is  only  likely  to  occur  with  an  aircraft  propeller  for  a few  seconds. 
The  acquisition  level  for  elevation  is  almost  independent  of  propeller 
modulation. 

• Propeller  modulation  increases  the  susccj^tibility  of  the  receiver 
to  the  multipath  errors.  The  largest  error  increases  occur  when 
the  multipath  by-passes  tlie  jn'opeller.  Hangar  scenarios  were  run 
with  the  propeller  modulation  on  the  direct  beam  only.  Worst  case 
propeller  modulations  will  cause  a significant  increase  in  the 
multipath  errors  when  the  depth  of  modulation  reaches  -8  dB.  Below 
-8  dB  only  moderate  increases  in  the  error  standard  deviation  and 
mean  shift  occurred.  With  a -12  dB  modulation  the  errors  will  more 
than  double  in  some  hangar  scenarios. 

• Propeller  modulation  effects  on  multipath  errors  will  be  insignificant 
if  the  aircraft  antenna  is  located  so  that  the  modulation  amplitude 
does  not  exceed  4 to  6 dB. 
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(Appendix  B)  Weather  Radar  and  CW  Pulse  Interference  Tests 

Pulse  Interference  Effects 

• A 20  dB  pulse-interference/angle  ratio  lasting  for  at  least 
fifteen  seconds  is  required  to  decrement  the  confidence  counter 
and  cause  system  flags.  This  ratio  is  relatively  independent 
of  the  pulse  train  and  the  angle  signal  strength. 

• The  intermittent  interference  from  a weather  radar  should  not 
cause  system  flags  or  prevent  signal  acquisition. 

• At  high  pulse-interference/DPSK  ratios  the  missed  decodes  approach 
10%  for  the  6 microsecond,  200  PPS  radar  and  20%  for  the  2 micro- 
second, 400  PPS  radar.  At  a pulse-interference/DPSK  ratio  of 

20  dB  the  percent  of  missed  decodes  is  about  7 to  8%  for 
continuous  pulse  interference. 

• The  sensitivity  of  UPSK  to  pulse  interference  increases  at 
signal  levels  below  -90  dBm. 

• Missed  data  or  decodes  do  not  significantly  affect  the  accuracy 
of  the  data  and  are  only  significant  if  they  reach  the  50% 
required  for  a system  flag. 

• The  NAFEC  test  data  show  that  the  duration  of  the  peak  levels 
of  weather  radar  interference  are  less  than  0.4  seconds  over  a 
4 second  radar  scan  period  and  tlius  cannot  significantly  affect 
the  accuracy  or  signal  acquisition.  Also,  a measured  peak 
level  of  -70  dBm  would  primarily  result  in  missed  DI’SK  decodes. 

• The  single  edge  processor  (SEP)  showed  pulse  interference 
characteristics  similar  to  the  dwell  gate  jirocessors. 

• The  out-of-beam  multipath  logic  should  include  s>Tnmetry  checks 

to  prevent  radar  pulses  from  decrementing  the  confidence  counter. 


CW  Interference 


Tests  showed  the  TRSB  angle  data  has  a CW  interference  threshold  of 
-6  dB  to  -8  dB  relative  to  the  angle  data.  This  threshold  can  be  several  dB 
lower  because  of  the  effect  of  CW  interference  on  the  DPSK  signals.  At  low 
signal  levels  the  interference  thresholds  may  be  significant  in  a severe  CW 
interference  environment. 
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Section  3.0 

TRSB  HARDWARE  SIMULATION  FACILITY 


Block  diagrams  of  the  TRSB  Signal  Simulator  are  shown  in  Figures  3-1 
and  3-2.  The  simulator  provides  an  output  waveshape  equivalent  to  that 
received  in  the  aircraft  from  a TO-FRO  or  DOWN-UP  scanning  beam  transmitter. 

In  addition,  the  multipath  from  a single  reflecting  surface  is  simulated.  The 
simulator  variable  parameters  are  controlled  by  a digital  computer  for  each  scan. 
An  analog  computer  simulation  of  aircraft-autopilot  dynamics  can  be  connected 
to  the  TRSB  signal  simulator  for  closed  loop  simulations. 

In  the  TRSB  simulation  the  beam  shapes  are  controlled  by  counters 
that  address  PROM's  (programmable  read  only  memories).  Beamwidth  is  controlled 
by  selecting  the  clock  frequency  for  the  PROM  address  counters.  The  PROM  out- 
puts drive  double  balanced  mixers  to  the  desired  signal  shape  by  means  of 
digital  to  analog  converters.  The  multipath  beams  include  first  and  second 
sidelobes  on  each  side.  The  RF  phase  of  the  first  sidelobe  is  180°  shifted 
from  the  main  beam  and  second  sidelobe  by  inverting  the  drive  to  the  double 
balanced  mixer  beam  shaper.  At  present,  PROM's  have  been  programmed  for  -20, 

-25,  and  -30  dB  sidelobes  (both  equal).  This  beam  generation  is  directed  by 
a digital  word  from  the  computer  which  thus  sets  the  angles  (TO-FRO  beam 
separation  time)  for  both  the  direct  and  multipath  beams. 

The  multipath  beams  are  further  controlled  by  the  computer  to  offset 
the  carrier  frequency  (scalloping  frequency  difference)  and  to  set  the  multi- 
path  amplitude.  These  changes  are  made  between  scans  as  desired.  The  direct 
beam  and  multipath  beam  are  then  summed  and  the  composite  signal  is  translated 
to  C-band  for  application  to  the  receiver.  Provision  for  synchronization, 
and  function  identification  DPSK  transmissions  are  made  in  the  simulator. 

The  receiver  under  test  produces  an  indicated  output  angle  that  is 
made  available  to  the  control  computer  by  the  interface  unit.  A normal  test 
consists  of  5 seconds  with  direct  signal  only,  up  to  20  seconds  of  multipath 
and  terminates  with  2 seconds  of  direct  signal.  The  indicated  angle  is  stored 
in  the  computer  and  also  provided  to  the  chart  recorder  for  a visual  indication 


of  test  progress.  Following  the  end  of  the  test,  the  stored  data  may  be 
filtered  by  a 10  radian/seconJ  cutoff  low  pass  filter  or  by  an  a, 6 filter  with 
variable  parameters  as  well  as  by  other  digital  filters  (path  following,  control 
motion,  rate)  as  specified  in  the  "ICAO  Test  Plan  for  U.S.  Microwave  Landing 
System".  In  each  case,  the  mean  shift  in  angle  from  the  5 seconds  before  multi- 
path  application  and  the  standard  deviation  during  the  multipath  are  computed. 

The  filtered  outputs  are  also  available  for  chart  recording. 

Operational  control  of  the  computer  is  centered  in  the  teletypewriter 
with  control  indications  and  statistics  printouts.  The  paper  tape  reader  is 
used  for  program  loading  and  also  for  loading  the  multipath  amplitude  profiles. 
When  an  amplitude  profile  has  been  loaded  into  the  computer,  it  can  be  used 
for  a series  of  tests  in  which  other  parameters  are  varied.  The  other  parameters, 
which  are  introduced  from  the  telety^ie  keyboard,  include;  the  direct  angle, 
direct  angle  increment  (added  to  the  direct  angle  each  data  period),  the  multi- 
path  angle,  multipath  angle  increment,  scalloping  frequency,  frequency  increment, 
multipath  duration  and  function  (elevation  or  azimuth).  The  test  run  is  started 
from  the  keyboard.  Selection  of  the  data  processing  filters  is  made  following 
completion  of  the  test  run.  When  analysis  of  the  data  is  completed,  including 
angle  printouts  and  plots  of  filtered  data  if  desired,  a return  to  the  start  for 
test  repetition  or  parameter  modification  is  made. 

The  interface  unit  can  accommodate  the  TRSB  Phase  2 1/2  receiver. 

Phase  3 receiver  and  the  ITT  Doppler  processor  that  operates  with  a separate 
Doppler  simulator.  It  is  easily  modified  to  interface  other  units  with  digital 
outputs. 

Calspan  is  extending  the  capabilities  of  this  simulator  by  the  addition 
of  several  items  to  permit  using  the  PDI'-ll  as  the  MLS  digital  processor  in 
addition  to  controlling  the  simulators.  A direct  memory  access  (DMA)  board  and 
a hardware  multiply-divide  board  are  being  added  to  the  computer.  A high  speed 
analog-digital  converter  will  be  added  to  provide  an  input  of  the  receiver  log 
video  signal  into  the  PDP-11. 


PROPELLER  MODULATION 


Figure  3-2  CALSPAN  TRSB  SIMULATOR 


ana  -iut>.5  dBm  tor  the  four  receivers  tested.  For  -65  dBm  signal 
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Section  4.0 
DWELL  GATE  PROCESSORS 


An  extensive  series  of  tests  has  been  carried  out  using  the  TRSB 
hardware  simulator  with  Phase  2 1/2  and  Phase  3 flight  test  receivers  and  a 
breadboard  receiver.  The  breadboard  receiver  has  two  operating  modes  for 
elevation  data  to  permit  a comparative  performance  evaluation  of  single  edge 
processing  with  the  dwell  gate  processing  technique.  The  results  of  the  single 
edge  processor  tests  are  described  in  Section  5, 

4 . 1 Description  of  Tests 

The  simulator  produces  TO-  FRO  (DOWN-UP  for  elevation)  pulses  that  are 
the  same  as  those  an  airplane  would  receive  from  an  MLS  ground  station.  In 
addition,  a single  multipath  signal  is  simulated  with  a wide  range  of  variable 
parameters.  Special  provisions  were  made  for  adding  other  interferring  signals, 
including  pulse  and  CW  interference,  adjacent  channel  signals  and  propeller 
modulation.  Interference  and  propeller  modulation  test  results  are  included  in 
Appendices  A and  B. 

The  simulated  signal  parameters  were  designed  to  match  the  selected 
format.  The  time  reference  coding  was  100  microseconds  per  degree,  except  for 
a simulated  flare  screen  test  at  200  microseconds  per  degree,  so  that  the  3 dB 
beamwidths  were  50,  100  and  150  microseconds  for  1,  2,  and  3 degree  beamwidths 
respectively  . Antenna  sidelobes  were  not  generated  for  the  early  tests  with 
the  Phase  21/2  receiver  but  were  added  for  subsequent  tests.  Sidelobes  of 
-20  dB,  -25  dB  and  -30  dB  are  used  in  the  tests.  The  jittered  data  rate  had  a 
repetition  period  of  592  milliseconds,  resulting  in  averaging  data  rates  of  40.5 
Hz  and  13.5  Hz  for  elevation  and  azimuth  signals  respectively.  The  raw  angle 
data  was  collected  at  these  rates  and  processed  by  a low-pass  digital  filter 
(10  radian/second  cutoff)  or  an  a, 8 filter  before  evaluation  of  the  test  results. 
The  error  statistics  are,  therefore,  restricted  to  those  frequency  components 
that  can  cause  perturbations  to  the  aircraft  or  its  control  surfaces.  Some 
comparative  elevation  tests  were  run  between  the  10  radian/second  filter  and  a 

All  tests  were  run  with  1 degree  beamwidths  except  as  noted. 
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5 Hz  zero  order  hold  usiny  an  S j)oint  average.  The  error  statistics  are  quite 
comparable  although  the  10  radian/second  filter  in  the  Phase  2 1/2  receiver  was 
slightly  less  effective  than  the  5 llz  zero  order  hold  filtering. 

Baseline  multipath  tests  were  carried  out  on  the  receivers  in  which 
the  test  parameters  were  varied  independently  so  their  effects  could  be  isolated. 
These  tests  do  not  represent  any  real  multipath  situation.  The  tests  were  used 
to  determine  the  effects  of  the  following  variables: 

Multipath  separation  angle 
Multipath  amplitude 
Scalloping  frequency 
Jittered  data  rate 
Transmitter  beamwidth 

The  results  of  these  tests  are  measured  by  their  effect  on  the  angle  errors 
produced  in  the  receiver.  The  mean  angle  shift  and  standard  deviation  of  error 
are  the  principal  statistics  compared  but  number  of  missed  scans  is  also  indicated 
where  it  is  significant.  Peak-to-peak  errors  are  about  three  times  the  standard 
deviation  since  the  error  distribution  is  not  Gaussian.  Plots  of  the  error 
statistics  are  provided  for  evaluation  of  the  effects. 

Several  airport  situations  were  postulated  that  could  produce  large 
in-beam  multipath  during  the  landing  phase.  These  were  simulated  with  several 
levels  of  multipath  to  represent  the  signal  reflected  from  various  types  of 
hangars.  The  error  for  a zero  dB  hangar  (reflection  coefficient  =1)  that 
includes  the  M/D  reduction  from  antenna  pattern  shaping  is  marked  on  the  graphs. 
Errors  for  other  hangar  reflection  levels  can  be  read  from  these  curv'es  by 
shifting  above  or  below  the  0 dB  hangar.  Later  hangar  scenario  tests  used  the 
AWOP  scenarios  and  multipath  parameters  prescribed  for  the  ICAO  multipath 
performance  evaluations. 

Other  variables  from  the  list  above  were  incorporated  into  some  of 
these  tests  to  ascertain  their  effect  in  the  multi-variable  environment.  The 
mean  shift  and  error  standard  deviation  were  also  used  to  indicate  the  relative 
effects  of  these  multipath  situations.  It  must  be  noted  that  many  of  these 
tests  are  of  short  duration,  or  low  scallojjing  frequency,  or  both  so  that 


there  is  a certain  amount  of  instability  in  the  test  statistics.  That  is,  the 
test  results  would  differ  from  run  to  run  depending  on  the  scalloping  frequency 
phase  (random)  at  initiation.  Some  of  the  irregularities  in  the  curves,  particu- 
larly the  mean  values,  are  due  to  this  randomness. 


4.2  Receiver  Characteristics 

The  MLS  Phase  2 1/2  and  Phase  3 receivers  and  the  Calspan  breadboard 
receiver  were  run  through  a series  of  tests  on  the  MLS  signal  simulator.  The 
receivers  are  briefly  described  in  Table  1. 


Table  1 - TEST  RECEIVER  CHARACTERISTICS 

Phase  2 1/2  Receiver 
Bendix  Serial  No.  E-104 
Used  in  Flight  Test  Program 
One  RF  Channel  (5189.4  MHz) 

Analog  Angle  Processing 

(a,  B = 0)  Angle  Filter  with  1 “/Second  Rate 
Limiter  Preceding  Filter 

Phase  3 Receiver 

Bendix  Serial  No.  i’lOl 

200  RF  Channels  (Channel  190,  5088  MHz  Tested) 

All  Digital  Angle  Processing 

(a,  B)  Angle  Filter  with  Rate  Limiter  Following  I-ilter 

Breadboard  Receiver 

Similar  to  Phase  2 1/2  Receiver 

Filters  and  Rate  Limiters  Selectable  in  ITlP-11  Computer 
No  DPSK  Decoder 

No  Confidence  Counter  or  Flag  Circuitry 


The  Phase  3 receiver  has  tracking  gates  that  adapt  to  tlie  beamwidth 
of  the  received  signal.  The  video  signal  is  digitized  before  signal  thresliold- 
ing.  An  Advanced  Micro  Devices  9080A  ^processor  clii])  is  used.  The  Pliase  2 1/2 
receiver  uses  a fixed  tracking  gate  width  of  about  250  psec.  Analog  circuits 
are  used  in  determining  the  3 dB  beam  threshold.  the  flag  circuits  in  tlie 
Phase  2 1/2  and  Phase  3 receivers  are  activated  by  tlie  following; 
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• Frame  Flag  - Any  frame  in  which  the  receiver  fails  to  make  a 
valid  angle  measurement.  The  acquisition  counter  is  decremented 
at  the  clock  rate  when  this  occurs.  This  failure  may  be  caused 
by  an  invalid  function  identity  decode  or  by  detection  of  an 
improper  number  of  dwell  gates  during  a scan.  The  receiver  out- 
put from  the  previous  frame  is  held  during  a frame  flag. 

• Slew  Rate  - An  angle  measurement  that  represents  a change  exceed- 
ing one  degree  per  second.  This  check  occurs  before  the  data 
filtering  in  the  Phase  2 1/2  receiver  and  after  the  a-B  filter 
in  the  Phase  3 receiver. 

• Confidence  - The  "inside-the-tracking-gate"  peak  detector  output 
exceeds  the  "outside-the-gate"  peak  detector  on  the  FRO  scan. 

If  the  reverse  is  true,  confidence  is  low  and  the  confidence 
counter  is  decremented.  When  the  counter  is  fully  decremented, 
or  reset,  a system  flag  occurs  - receiver  output  is  inhibited. 

4.2.1  Data  Filter  Responses 

The  receiver  angle  errors  in  these  plots,  and  throughout  this  report 
except  where  noted,  have  been  passed  through  either  a low-pass  filter  with 
10  radian/second  cutoff  or  the  a-B  filter.  The  frequency  response  character- 
istics of  the  azimuth  and  elevation  filters  are  compared  in  Figures  4-1  and 
4-2  for  the  Pliase  2 1/2,  Pliase  5 and  breadboard  receivers. 

Tests  were  run  to  measure  the  frequency,  step  and  ramp  responses  of 
the  TRSB  receivers.  These  data  were  taken  to  assist  the  AWOI’  Performance  Sub- 
Group  in  evaluating  the  effects  of  processor  filters  on  TRSB  performance  data. 

The  tests  were  run  on  a Phase  2 1/2  receiver  that  was  used  in  taking  the  flight 

test  data.  Identical  tests  were  run  on  the  Phase  3 receiver  since  the  filter  | 

was  changed  from  an  a type  to  an  a-B  filter.  The  Phase  3 receiver  includes 
the  processing  tecliniques  recommended  for  the  TRSB  system.  The  rate  limiter 
follows  the  smoothing  filter  in  the  Phase  3 receiver  instead  of  operating 
directly  on  the  raw  data  as  was  done  in  the  I’hase  2 1/2  receiver. 
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These  tests  were  run  on  the  multipath  simulator.  The  step  and  ramp 
inputs  were  generated  by  a program  in  the  POP  11/10  computer  that  controls  the 
TRSB  simulator  parameters  and  test  scenarios.  For  the  frequency  response  tests 
a low  frequency  generator,  HP  203A,  was  fed  into  an  analog-to-digital  converter 
and  input  to  the  simulator  control  computer. 

4. 2. 1.1  Phase  2 1/2  Receiver  Test  Results 

Figure  4-3  shows  the  elevation  channel  amplitude  and  phase  responses 
versus  frequency.  The  3 dB  point  for  this  filter  occurs  at  11  radians/sec.  It 
should  be  noted  that  for  these  tests  the  1 degree/sec  rate  limiter  restricts 
the  amplitude  resi)onse  above  14  llz  or  90  radians/sec. 

The  azimuth  channel  frequency  response  curves  are  shown  in  Figure  4-4. 
Phase  shift  was  not  plotted  beyond  10  radians/second  because  the  13.5  Hz  data 
rate  prevented  an  accurate  phase  measurement.  The  3 dB  point  for  this  filter 
occurs  at  10  radians/second. 

Step  responses  are  plotted  in  Figures  4-5  and  4-0.  A one  data  period 
delay  is  apparent  in  these  plots.  The  delay  is  a result  of  the  filter  imple- 
mentation required  in  the  test  bed  processor  that  liad  a limited  data  processing 
capacity. 

Figure  4-7  shows  the  elevation  channel  ramj)  response  for  this  processor. 

An  "a"  ty])e  filter  was  used  with  a = 0.25.  By  the  use  of  z transforms  it  can  be 

1 “Ot 

shown  that  a delay  of  T seconds  will  result  from  a ramp  input,  where  T is 

the  sample  period.  A delay  of  0.075  seconds  results  from  the  40  Hz  data  rate. 

An  additional  delay  of  0.025  seconds  results  from  the  40  Hz  quantization  of  the 
ramp  injjut  for  a total  delay  of  0.1  seconds. 

The  azimuth  channel  ramp  response  shown  in  Figure  4-8  has  a time  lag 
of  0.15  seconds  as  would  be  expected  from  an  "a"  -■  0.5,  a 13.5  Hz  data  rate  and 
the  quantization  of  the  ramp  input.  The  jittered  data  rate  rcijuires  an  estimate 
of  the  average  lag  as  is  indicated  by  the  dashed  line  passing  through  an  average 
ujKlated  data  |)oint. 
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I’hase  3 Receiver  Test  Results 


The  freiiuency  response  is  shown  in  Figure  4-9  for  the  elevation 
channel.  The  overshoot  is  apparent  (2  dB)  in  this  a-6  tyT^e  filter  that  has 
a 5 dB  cut-off  frequency  at  7,8  radians/second.  /\n  a of  1/8  and  3 of  1/128 
were  used  in  this  filter. 

Figure  4-10  shows  the  azimuth  channel  frequency  response.  This  a-3 
type  filter  has  a 2 dB  overshoot  with  the  filter  response  down  3 dB  at  5,8 
radians/second.  An  a of  1/4  and  B of  1/32  were  used  in  this  filter. 

Figures  4-11  and  4-12  show  the  step  response  to  a 0.1  degree  step 
input.  The  one  data  sample  lag  is  a result  of  the  filter  implementation  that 
uses  the  predicted  position  for  the  output  from  the  a-6  filter.  ITie  predicted 
position  is  computed  from  the  (n-1)  position  and  velocity  which  are  zero  for 
the  initiation  of  this  test. 

The  ramp  responses  are  shown  in  Figures  4-13  and  4-14.  These  curves 
show  that  the  filter  output  catches  up  to  the  ramp,  then  leads  and  finally 
overshoots  when  the  input  ramp  is  terminated. 

4. 2. 1,3  Comparison  of  Data  Filters 

The  results  of  the  simulation  tests  are  available  as  raw  unfiltered 
data  and  after  filtering.  Several  filter  algorithms  are  programed  in  the  PDP-11 
computer  and  are  keyboard  selectable.  These  include  the  data  filters,  path 
following  filter,  control  motion  filter  and  rate  filter.  Statistical  data 
presented  in  the  various  graphs  have  been  passed  through  a 10  radian/ second 
single  pole  filter  and  the  a, 3 filter. 

The  amplitude  versus  frequency  response  curves  for  the  Phase  2 1/2 
receiver  and  the  breadboard  receiver  were  presented  in  Figures  4-3  and  4-4  for 
elevation  and  azimuth  channels.  The  elevation  response  curves  have  been  re- 
plotted in  Figure  4-15.  In  addition  the  response  curve  for  a 8-point  average 
with  a 5 Hz  zero  order  hold  output  has  been  plotted.  These  amplitude  frequency 
response  curves  indicate  that  the  statistics  on  the  filtered  data  should  be 
very  similar.  For  comparison  the  response  curve  of  the  Phase  3 a, 3 filter  is 
included . 
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Figure  4-16  shows  the  results  of  statistical  plots  for  the  AWOP  B2 
elevation  multipath  scenario  described  in  Section  4.4.1.  These  data  were  taken 
with  the  breadboard  receiver  and  the  raw  data  for  each  run  was  stored  in  the 
computer  and  then  filtered  with  the  Phase  2 1/2  receiver  10  radian/second  filter 
and  the  8-point  average,  5 Hz  data  rate.  The  statistics  on  the  mean  shift  are 
identical,  however,  the  rms  error  is  less  when  filtered  for  th  , 5 Hz  data  rate. 

The  a, 8 filter  algorithms  were  not  available  when  these  data  were  taken  so  no 
test  results  are  available.  From  the  filter  response  curves  it  is  apparent 
that  errors  would  be  less  with  the  a, 6 filter. 

4.2.2  Slew  Rate  Limiter 

A rate  limiter  of  1 deg/sec  operating  on  the  data  before  the  10  radian 
filter  is  included  in  the  Phase  2 1/2  flight  test  receiver.  For  certain  multipath 
scenarios  it  was  found  that  the  slew  rate  limiter  significantly  increases  the 
mean  error.  See  the  screen  test  results  in  Section  4.4.2.  In  the  Phase  3 
receivers  the  rate  limiter  operates  on  the  data  after  the  10  radian  filter 
where  it  has  no  significant  effect  on  the  mean  error. 

4.2.3  Low  Signal  Level  and  Acquisition  Tests 

Signal  level  tests  were  run  on  four  Phase  3 receivers  to  determine 
the  level  at  which  system  flags  were  displayed.  Flags  occurred  at  signal  levels 
between  -104  dBm  and  -106.5  dBm.  These  results  are  shown  in  Figures  4-17,  4-18 
and  4-19  for  azimuth  angle  errors,  missed  angle  frames  and  missed  DPSK  decodes. 

The  DPSK  data  are  by-passed  with  a simulator  synchronization  pulse  for  the  angle- 
only  tests.  A high  level  angle  signal  is  used  for  the  DPSK  missed  decodes  tests. 
Typical  error  time  histories  from  these  tests  are  shown  in  Figures  4-20  and  4-21. 

The  azimuth  coding  angle  was  varied  from  0®  to  40®  for  the  signal  level 
tests  in  Figure  4-22.  No  variation  is  apparent  with  the  angle  code.  Error  time 
histories  for  various  coding  angles  are  shown  in  Figure  4-23  for  a -65  dBm 
signal  level. 

Figure  4-24  shows  the  acquisition  time  as  a function  of  signal  level 
for  elevation  and  azimuth  data.  Acquisition  occurs  within  1.5  seconds  for 
signals  down  to  -100  dBm. 
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Figure  4-19  LOW  SIGNAL  LEVEL  TESTS  - DPSK  MISSED  DECODES  ONLY.  j,__ 
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Figure  4-22  STANDARD  DEVIATION  OF  ERROR  VS,  SIGNAL  LEVEL 
PHASE  3 RECEIVER  P102 
AZIMUTH  - ANGLE  VARIED 


Statistics  were  not  acquired  for 
azimuth  angles  or  30*  and  40*  but 
plots  were  indistinguishable  from 
those  at  smaller  angles. 
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The  setting  of  the  dwell  gate  threshold  also  has  an  effect  on  the  low 
signal  performance.  Test  results  for  the  Phase  2 1/2  receiver  are  shown  in 
Figure  4-25  for  threshold  levels  of  2 dB,  3 dB,  and  4 dB  below  the  peak  of  the 
scanning  beam  video  waveform.  The  higher  threshold  (2  dB)  results  in  receiver 
: drop  out  (system  flag)  at  a 2 dB  higher  signal  level  than  the  normal  3 dB  setting, 

i The  higher  threshold  does  improve  the  multipath  performance  as  discussed  in 

Section  4.3.3. 

I 4.3  Characteristics  of  Multipath  Effects 

I 

si  4.3.1  Baseline  Tests 

[ 

^ The  baseline  tests  consist  of  ten  seconds  of  in-beam  multipath  with 

[ fixed  parameters.  These  tests  are  not  intended  to  simulate  any  multipath 

I I situation.  They  do,  however,  illustrate  the  dependence  of  the  multipath  induced 

H errors  on  individual  multipath  parameters  and  processor  configurations.  These 

dependencies  are  generally  obscured  during  simulations  of  actual  multipath 
situations  (or  during  flight  tests)  because  of  the  multiplicity  of  simultaneous 
variations  occurring. 

The  results  of  these  tests,  the  multipath  induced  errors,  are  plotted 
as  functions  of  the  varied  multipath  parameters.  The  error  is  plotted  as  two 
parts;  the  mean  (10  second  average)  angle  change  when  the  multipath  is  applied, 
and  the  standard  deviation  (or  rms  value)  of  the  error  about  the  mean.  Peak- 
to-peak  errors  are  typically  about  three  times  the  standard  deviation.  The 
raw  data,  on  a scan-by-scan  basis,  is  passed  through  a 10  radian  per  second 
cutoff  low-pass  single  pole  filter  or  an  a-3  filter  before  the  error  statistics 
are  computed. 

The  baseline  test  results  are  illustrated  in  Figures  4-26  and  4-27 
for  the  Phase  2 1/2  receiver  and  Figures  4-28  and  4-29  for  the  Phase  3 receiver. 
Both  receivers  exhibit  similar  error  characteristics.  The  Phase  3 receiver 
has  larger  standard  deviations  at  low  scalloping  frequencies  due  to  the  over- 
shoot in  the  data  smoothing  filter  at  0.3  Hz  (the  scalloping  frequency  selected 
for  the  baseline  tests).  The  mean  errors  for  this  receiver  are  smaller, 
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Figure  4-25  STANDARD  DEVIATION  OF  ANGULAR  ERROR 
ELEVATION 

Phase  2 Receiver  E-103 

-*•  Indicates  System  Flag 
Dwell  Gate  Threshold 


II 


m 

I! 





FviIIHHIBBsEI 


|■■■■SBs^sa3sgaE^ss■■s99■iaB8■a 

nH9IBeS3SitiSaig3gi9BgiiSS99a_ 

iBiBi Bieissiasi iiigiiasss  saiaisiL 

-siiggiSiiiiiiiifiiiiiigaiiBi;  

Fiilsfiliaiiif 


lIHlij 

iiniii 


m 


iw:dw 


iiiSi 


!ii! 

If 


I 

I 


H 


HI 

II 


ii 

is 

i 

i 


Figure  4-26  ELEVATION  BASELINE  TESTS 
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apparently  due  to  the  narrow  tracking  gates.  At  the  higher  scalloping  frequencies 
the  Phase  3 receiver  exhibits  improved  filtering  of  the  error.  The  effect  of  the 
two  filters  on  the  baseline  test  is  illustrated  in  Figure  4-30.  In  Figure  4-31 
the  elevation  errors  are  shown  for  baseline  tests  run  at  the  0.32  Hz  normally 
used  and  at  the  frequency  (0.8  Hz)  where  the  data  filter  has  a 0 dB  gain.  The 
effects  of  the  filter  overshoot  are  apparent  on  the  noise  error  measurements. 

The  symmetry  of  the  multipath  error  is  illustrated  by  the  baseline 
azimuth  tests  shown  in  Figure  4-32.  The  multipath  is  placed  on  both  sides  of 
the  direct  beam  with  complete  symmetry  in  the  bias  and  noise  errors. 

Early  baseline  tests  reported  in  Calspan  TN-4  of  a Phase  2 1/2  receiver 
showed  smaller  errors  than  those  reported  here.  It  was  felt  that  variation  in 
the  dwell  gate  threshold  could  account  for  the  discrepancy  so  a test  was  run 
that  bears  out  this  hypothesis  (Figure  4-33).  When  this  receiver  arrived  for 
tests,  the  threshold  was  over  2 dB  lower  than  the  nominal  -3  dB  but  this  was 
adjusted  and  monitored  for  these  tests. 

4. 3. 1.1  Resolution  of  Tests 

Figure  4-34  shows  that  the  resolution  capability  of  the  TRSB  simulator 
is  about  1/2  dB  for  the  baseline  tests.  The  curves  for  the  -2  dB  and  -2  1/2  dB 
are  based  upon  the  average  value  of  several  repetitions.  The  10  second  baseline 
test  with  the  rate  limiter  does  show  a sensitivity  to  the  multipath  phase.  This 
effect  plus  the  error  in  setting  the  multipath  levels  causes  a maximum  shift  in 
both  the  mean  and  the  standard  deviation  of  about  0.02  degrees  over  a series  of 
runs.  The  computer  controlled  multipath  amplitude  has  a resolution  of  0.25  dB. 

These  tests  were  run  with  the  breadboard  receiver  modified  as  described 
ir  Section  4.3.8.  This  modification  permits  operation  at  0 dB  multipath  with 
well  controlled  errors. 

4.3.2  Effect  of  Data  Rate  Jitter 

The  actual  data  rate  is  not  regular,  but  is  jittered  for  azimuth  and 
elevation  data.  The  time  between  elevation  functions  varies  from  11.2  to  31.2 
milliseconds.  Twenty-four  elevation  scans  are  included  in  the  repetition  interval 
of  592  milliseconds  for  an  average  data  rate  of  40.5  Hz. 
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Examples  of  the  errors  with  the  jittered  data  rate  appear  in  Figure 
4-35.  The  error  curve  for  the  low  scalloping  frequency  is  like  that  for  the 
fixed  data  rate.  At  the  high  scalloping  frequency  the  error  is  much  more  noise- 
like for  a fixed  data  rate.  However,  the  statistics  of  the  filtered  data  for 
the  jittered  format  are  not  greatly  different  from  the  unjittered  format. 

The  standard  deviation  of  error  as  a function  of  scalloping  frequency 
is  illustrated  in  Figure  4-36  for  both  the  regular  and  jittered  format.  The  data 
rate  jitter  tends  to  suppress  the  grating  lobe  effect  at  some  cost  in  increased 
error  where  motion  averaging  is  normally  effective.  The  average  error  has  not 
been  plotted.  It  is  approximately  the  same  for  both  formats.  However,  this 
average  is  only  achieved  when  the  duration  of  the  test  is  long  enough  to  make 
the  averaging  effective.  That  is,  if  the  test  duration  is  short  compared  to  a 
period  of  the  difference  between  the  scalloping  frequency  and  the  closest 
harmonic  of  the  data  repetition  frequency,  then  the  mean  error  may  be  large  or 
small  depending  on  the  phase  difference  between  the  direct  and  multipath  signals. 
In  the  non-jittered  40  Hz  data  rate  case,  the  difference  frequency  is  zero  at 
40  Hz  and  its  harmonics.  At  scalloping  frequencies  of  40  Hz,  80  Hz  — , the  error 
is  a constant  lying  between  the  maximum  and  minimum  values  allowed  by  the  multi- 
path  parameters. 

The  frame  period  of  the  jittered  format  is  0.592  seconds  correspond- 
ing to  a repetition  frequency  of  1.689  Hz.  An  example  showing  the  variation 
in  mean  values  appears  in  Figure  4-37.  Here,  the  scalloping  frequency  of  76  Hz 
differs  from  the  45th  harmonic  of  the  repetition  frequency,  76.0135  Hz,  by 
such  a small  amount  that  little  averaging  is  possible  in  the  test  of  5 seconds 
duration.  As  a result,  the  mean  values  vary  from  -0.018°  to  -0.101°  on  different 
runs.  There  is  a much  smaller  variation  in  the  standard  deviations  (0.028°  to 
0.043°)  which  were  computed  from  the  10  radian/second  low  pass  filtered  data 
rather  than  from  the  raw  data  shown. 

In  an  airborne  environment  scalloping  frequencies  are  continuously 
varying.  As  a result,  the  averaging  should  be  effective  in  controlling  the 
mean  error.  However,  if  the  multipath  situation  should  result  in  a scalloping 
frequency  close  to  a harmonic  of  1.689  Hz  for  a time  long  compared  to  the 
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Figure  4-57  RLI’IiTITIVE  RUNS,  ELEVATION 
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difference  period,  then  the  mean  error  will  be  a function  of  the  random  phases 
of  the  direct  and  multipath  signals.  The  error  may  be  very  small  or  large  but 
could  certainly  vary  greatly  from  run  to  run  thus  complicating  any  attempt  to 
evaluate  the  multipath  effect. 

4.3.3  Threshold  Level  Effects 

The  dwell  gate  threshold  level  has  an  effect  on  multipath  induced 
errors  in  addition  to  its  effect  on  sensitivity  discussed  in  Section  4.2.3. 

The  results  of  a test  of  the  Phase  2 1/2  receiver  with  fixed  multipath  para- 
meters appear  in  Figure  4-38.  Higher  thresholds  (less  negative)  tend  to  reduce 
the  effect  of  the  multipath.  The  choice  of  threshold  to  use  is  a compromise 
with  the  receiver  sensitivity.  The  normal  setting  of  the  Phase  3 receiver  is 
-3  dB  relative  to  the  beam  peak.  Breadboard  receiver  tests  used  a -4  dB  threshold. 

4.3.4  Beamwidth  Effects 

Most  of  the  multipath  tests  were  run  with  a simulated  one  degree  beam- 
width  signal.  This  would  be  typical  of  the  elevation  and  azimuth  beams  at  the 
highest  category  ground  stations.  At  lower  category  ground  stations,  wider 
beamwidth  antennas  would  be  used  in  the  interest  of  size  and  economy.  Baseline 
tests  were  run  with  representative  wide  beamwidth  signals  of  2°  for  elevation. 

Figure  4-39  illustrates  the  results  of  the  Phase  2 1/2  receiver  tests 
using  a 2°  beamwidth  and  parameters.  Also  plotted  are  the  results  of  elevation 
tests  with  1°  beamwidth  for  comparison.  It  is  apparent  that  the  peak  errors 
and  the  range  of  multipath  angles  for  which  errors  occur  are  both  increased 
by  a factor  of  two  when  the  beamwidth  is  doubled. 

It  should  be  noted  that  the  multipath  error  is  very  similar  for  the 
1°  and  2°  beamwidths  for  multipath  separation  angles  up  to  0.5°.  Thus,  in 
many  hangar  scenarios  the  resulting  elevation  multipath  errors  are  relatively 
insensitive  to  beamwidth. 

Multipath  performance  tests  were  run  on  the  simulator  to  determine 
the  error  reduction  resulting  from  a 0.4  degree  beamwidth  with  a processor 
designed  for  the  nominal  1 degree  beamwidth.  The  Phase  3 receiver  was  used 
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Figure  4-39  BASELINE  ELEVATION  TEST  1 
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in  these  tests  since  it  has  an  adaptive  tracking  gate  width  that  is  set  accord- 
ing to  the  received  beamwidth.  A fixed  video  filter  bandwidth  of  2b  kHz  is  used 
in  this  receiver. 

Baseline  tests  were  run  to  measure  the  error  versus  multipath  separation 
angle.  The  results  of  the  azimuth  tests  with  the  0.4  degree  beamwidth  are  shown 
in  Figure  4-40.  The  -3  dB  error  curve  for  the  1.0  degree  beamwidth  is  plotted 
for  comparison.  It  can  be  seen  from  this  comparison  that  the  noise  errors  are 
reduced  by  about  the  ratio  of  the  beamwidths  of  1.0  degree  versus  0.4  degrees 
(20  psec  dwell  gates). 

4.3.5  Multipath  Scalloping  Frequency  Effects 

Figures  4-41  through  4-44  illustrate  the  effect  of  varying  the 
scalloping  frequency  for  a fixed  elevation  multipath  level  (-6  dB)  and  separation 
angle  (0.75°)  for  the  Phase  21/2  and  Phase  3 receivers.  The  errors  are  reduced 
as  the  scalloping  frequency  approaches  a condition  of  180°  pliase  difference 
between  the  DOWN-UP  scans.  At  3°  elevation  angle,  this  corresponds  to  about 
700  Hz.  Azimuth  scalloping  frequency  tests  have  minimum  errors  at  those  scallop- 
ing frequencies  that  are  at  odd  multiples  of  the  time  difference  between  the 
TO-FRO  beams.  For  azimuth  on  centerline  the  error  nulls  occur  at  odd  multiples 
of  about  75  Hz  (time  interval  between  the  TO-FRO  beams  is  b.b  milliseconds). 

Figure  4-45  shows  azimuth  scalloping  frequency  tests  for  the  breadboard  receiver. 

The  Phase  3 receiver  showed  greater  variability  on  these  tests  but 
the  average  standard  deviations  are  similar.  The  greater  variability  may  be 
a result  of  the  aliasing  effects  from  the  high  scalloping  frequencies  in 
combination  with  the  overshoot  characteristic  of  the  a,  6 filter  at  the  low 
frequencies. 

4.3.6  DPSK  Multipath 

The  foregoing  tests  were  carried  out  with  scanning  beam  multipath 
only.  The  DPSK  signal  will  also  be  subject  to  multipath,  particularly  since 
it  is  transmitted  from  an  omnidirectional  antenna  that  illuminates  potential 
reflectors  throughout  the  MLS  coverage  region.  A test  of  DPSK  multipath 
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Figure  4-40  AZIMUTH  BASELINE  TESTS 
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Figure  4-42  SCALLOPING  FREQUENCY  ^FFECTS 
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sensitivity  was  run  with  the  results  illustrated  in  Figure  4-46.  Only  in  the 
case  of  equal  amplitude  multipath  and  very  high  scalloping  frequencies  does  a 
significant  error  rate  occur.  This  combination  could  occur,  for  example,  during 
the  final  phase  of  approach  if  a highly  reflective  building  were  positioned  and 
oriented  to  produce  multipath  from  a wide  angle  (for  a high  scalloping  frequency) 
to  the  aircraft.  The  probability  of  such  multipath  with  duration  greater  than 
a fraction  of  second  is  extremely  small  and  the  effect  is  to  introduce  missed 

i frames  rather  than  angle  errors. 

I 

I 

4.3.7  Out-of-Beam  Multipath  and  Signal  Validation 

' I The  receiver  tracking  gate  for  azimuth  data  eliminates  out-of-beam 

multipath  from  the  angle  computation.  A comparison  of  the  outside  the  gate 

peak  detector  with  the  inside  the  gate  peak  detector  is  carried  out  following 

each  FRO  scan  and  the  confidence  counter  is  incremented  or  decremented  depending 

J on  the  result.  When  a signal  has  built  up  full  confidence  it  would  take  seven 

< 

seconds  in  the  Phase  2 1/2  receiver  and  15  seconds  in  the  Phase  3 receiver  of 
continuously  greater  out-of-beam  signal  to  reinstate  the  acquisition  cycle.  It 
; is  unlikely  that  multipath  could  prevail  for  such  a period  unless  the  direct 

signal  was  shadowed  throughout. 

At  the  time  of  signal  acquisition  it  is  possible  that  an  out-of-beam 
multipath  signal  of  the  same  magnitude  as  the  direct  signal  could  be  present, 
j A test  of  the  acquisition  time  in  the  presence  of  two  signals  was  carried  out 

I with  the  Phase  2 1/2  receiver  with  the  results  shown  in  Figure  4-47.  When  the 

1 signals  are  nearly  equal  (within  about  1 dB)  the  receiver  will  not  acquire  either 

signal.  Otherwise,  the  receiver  acquires  the  larger  signal  in  1.7  to  3 seconds 
depending  on  the  signal  level.  The  acquisition  time  seems  to  be  independent 
of  which  signal  is  positive  (clockwise  from  runway  centerline,  resulting  in 
greater  TO-FRO  beam  separation).  There  does  appear  to  be  a small  bias  of  the 
acquisition  failure  region  such  that  the  inside  beams  tend  to  suppress  acquisition 
more  than  equivalent  outside  beams. 

The  PlOl  receiver  validation  logic  was  checked  with  a multipath 
signal  in  the  following  tests.  A direct  signal  at  0°  and  -65  dBm  was  being 
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tracked  by  the  receiver.  An  alternate  signal  (a  constant  amplitude  multipath) 
at  -8°  and  +1  dB  relative  level  was  applied.  The  direct  signal  was  dropped  in 
15  seconds  and  a track  on  the  alternate  signal  was  started  one  second  later. 

The  alternate  signal  was  then  reduced  by  2 dB  so  that  it  was  1 dB 
below  the  original  direct  signal.  In  15  seconds  the  alternate  signal  was 
dropped  and  the  direct  signal  was  reacquired  in  one  second  more.  This  test 
was  repeated  with  the  direct  signal  at  -85  dBm  with  exactly  the  same  results. 

4.3.8  Effects  of  High  Level  Multipath 

Simulation  tests  were  run  to  determine  the  Phase  3 receiver  error 
characteristics  at  multipath  levels  above  -3  dB  and  as  a function  of  signal 
level.  Previous  azimuth  and  elevation  multipath  tests  of  error  versus  separation 
angle  (baseline  tests)  had  been  limited  to  -3  dB  multipath  levels.  Antenna 
pattern  shaping  and  path  length  attenuation  make  it  very  unlikely  that  multipath- 
to-direct  (M/D)  signal  ratios  will  ever  exceed  -3  dB  in  the  scanning  beam  system 
except  during  the  flare.  However,  questions  were  raised  in  the  ICAO  meetings  as 
to  what  the  TRSB  error  characteristics  are  at  high  M/D  ratios. 

The  results  of  a 0 dB  baseline  test  are  shown  in  Figure  4-48.  These 
error  statistics  are  computed  over  a 10  second  test  period  so  the  effect  of  the 
multipath  phase  is  averaged.  A 0.8  Hz  scalloping  frequency  was  used  so  the  a-6 
smoothing  filter  in  the  Phase  3 receiver  would  operate  at  a gain  of  0 dB.  The 
peak  errors  occur  at  multipath  separation  angles  between  1.0°  and  1.75°. 

Tests  were  run  at  a very  low  scalloping  frequency  (1/16  Hz)  to  show 
the  multipath  phase  effect.  Figures  4-49  through  4-52  show  these  curves  for 
various  separation  angles  and  M/D  ratios  of  -3  dB,  -2  dB,  -1  dB  and  0 dB.  The 
erratic  performance  at  M/D  ratios  above  -2  dB  and  near  the  180°  phase  angle  is 
apparent  for  separation  angles  of  1°  and  1.5°. 

Figure  4-53  shows  the  elevation  peak  error  for  a multipath  phase  of 
0°  and  180°  for  the  Phase  3 receiver  at  M/D  ratios  of  -3  dB  and  -1  dB.  Because 
of  the  erratic  performance  at  180°  multipath  phase  the  curve  for  -1  dB  could 
not  be  completed  between  separation  angles  of  1 and  1.5  beamwidths.  A -1  dB 
curve  is  shown  for  the  modified  breadboard  receiver  which  is  similar  to  the 
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Phase  2 1/2  TRSB  receiver.  The  curves  show  that  the  errors  for  the  modified 
breadboard  are  well  controlled  for  separation  angles  of  1 to  1.5  beeunwidths  for 
both  0°  and  180®  multipath  phases. 

The  Phase  2 1/2  receiver  normally  decodes  the  multipath  signal  rather 
than  the  direct  signal  at  M/D  levels  of  -2  dB  and  higher  as  the  separation  angle 
reaches  one  beamwidth.  A relatively  simple  change  in  the  processor  logic  was 
made  in  the  breadboard  receiver  that  resulted  in  normal  errors  even  in  the 
critical  separation  angle  region  and  at  M/D  ratios  of  0 dB.  The  logic  was 
modified  to  position  the  tracking  gates  on  the  trailing  edge  of  the  FRO  beam 
rather  than  the  leading  edge.  In  addition  a narrower  tracking  gate  was  used. 

Logic  modifications  could  also  be  made  in  the  Phase  3 processor  that  should 
provide  similar  performance  at  0 dB  multipath.  It  should  be  noted  that  multi- 
path  above  -3  dB  at  a separation  angle  of  one  beamwidth  has  not  been  a design 
consideration  in  TRSB  since  it  is  difficult  to  postulate  a realistic  scenario 
that  can  generate  these  multipath  conditions. 

A baseline  test  for  0 dB  multipath  was  run  on  the  modified  Phase  2 1/2 
receiver  and  the  results  are  shown  in  Figures  4-54  and  4-55.  The  noise  and  bias 
curves  are  well  controlled  throughout  the  separation  angles  of  interest. 

4.4  Multipath  Scenario  Tests 

Several  postulated  airport  situations  were  used  to  derive  multipath 
parameters  for  realistic  simulations.  Five  of  these  scenarios  are  for  hangar 
reflections  in  elevation  with  the  results  reported  in  TN-4  and  TN-6.  Such 
hangars  are  considered  to  present  the  most  likely  source  of  troublesome  multipath. 
Typical  results  for  one  of  the  scenarios  are  included  in  this  report.  Two  of 
the  situations  are  multipath  from  aircraft  on  the  ground  near  the  runway  thresh- 
old for  elevation  and  azimuth.  This  multipath  is  of  very  short  duration  and  low 
amplitude.  Multipath  from  laterally  sloping  terrain  in  front  of  the  azimuth 
antenna  is  also  considered.  This  could  be  actual  ground  slope  or  drifted  snow, 
for  example.  An  inhomogeneous  reflecting  surface  in  front  of  the  azimuth  antenna 
could  result  in  an  analogous,  but  less  controlled,  type  of  error.  The  four 
screen  reflector  tests  specified  in  the  ICAO  test  plan  were  simulated. 
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The  geometry  of  the  AWOP  scenario  1,  Building  BJ  (Reference  14)  is 
shouTi  in  figure  4-5b  with  the  multipath  parameters  for  an  aircraft  approaching 
at  15U  knots.  in  the  computer  simulations  of  this  scenario  the  multipath  region 
was  extended  to  occur  from  3300  feet  to  13S0  feet  to  approximate  the  passage  of 
the  first  I'resnel  zone  over  the  reflector  edge. 

The  other  scenarios  tested  used  different  hangar  orientations  and 
antenna  locations  which  resulted  in  different  multipath  parameters.  At  lower 
approach  speeds  tlie  multipath  durations  are  proportionately  longer  and  the 
scalloping  frequencies  lower.  Some  of  the  slow  speed  runs  had  to  be  truncated 
because  of  data  storage  limits  in  the  computer  program. 

4.4.1  Results  of  Multipath  Scenario  Tests  i 

The  representative  multipath  situations  were  tested  at  several  peak 
multipath  levels  and  at  different  aircraft  speeds.  The  actual  multipath  levels  ; 

are  dependent  on  a number  of  parameters  but  the  values  chosen  for  test  are 

presumed  to  be  worst  case  values,  lirrors  are  plotted  versus  the  multipath  ! 

amplitude  that  is  the  peak  multipath/direct  (M/D)  ratio  occurring  at  the  receiver  ; 

for  this  scenario.  The  results  of  the  tests  are  determined  by  scalloping  ] 

frequencies  and  multipath  separation  angles  as  well  as  amplitude  so  these  para-  j 

meters  must  be  considered  in  comparing  results.  i 

i 

In  evaluating  the  results  of  the  hangar  scenarios  it  is  necessary  to 
consider  the  effects  of  antenna  pattern  shaping  normally  used  in  the  horizontal 
pattern  of  the  elevation  antenna.  For  those  hangar  orientations  producing  multi- 
path  interference  near  runway  threshold  the  pattern  shaping  reduces  the  M/D  ratio 
at  the  receiver  by  -3  to  -5  dB  for  "worst  case"  hangar  locations.  For  elevation 

installations  on  the  opposite  side  of  the  runway  the  reduction  in  the  M/D  ratio  i 

would  be  greater.  I 

j 

A typical  pattern  shape  of  gain  versus  angle  off  boresight  is  flat  out 
to  10®,  drops  to  -4  dB  at  20°  and  -7  dB  at  60°.  The  effect  of  this  type  of 
pattern  shaping  is  noted  on  the  graphs  by  a "0  dB  hangar"  index.  The  0 dB 
hangar  index  is  located  by  considering  a hangar  reflection  coefficient  of  one 
(p=l),  the  path  length  attenuation  for  the  scenario  and  the  M/D  reduction  due 
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Figure  4-56  AWOP  SCENARIO  -I  BUILDING  52 
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to  pattern  shaping.  On  Figure  4-57  a -1  dB  hangar  index  (p=0.9)  is  also  shown. 
Typical  hangar  situations  would  be  -1  dB  or  less.  Peak  multipath  amplitudes  at 
and  above  the  0 dB  hangar  index  could  only  occur  if  the  airborne  antenna  had  a 
large  null  in  the  direction  of  the  direct  signal. 


i 


Figure  4-57  shows  the  performance  of  the  breadboard  processor  in  the 
AWOP  B-2  scenario  when  operating  as  a dwell  gate  and  single  edge  processor  (SEP). 
The  dwell  gate  processing  mode  is  representative  of  the  Phase  2 1/2  receiver 
performance.  The  SEP  is  described  in  Section  5. 

Table  1 shows  the  multipath  parameters  used  in  aircraft  and  ground 
reflection  scenarios.  Scenarios  C-1  and  D-1  were  run  at  lower  levels  of  multi- 
path  signal  since  they  represent  reflections  from  aircraft.  The  difference 
angle  in  elevation  scenario  (C-1)  was  chosen  large  to  provide  a worst  case 
error  for  a tilted  reflecting  surface  on  an  aircraft.  As  shown  in  Figure  4-58 
the  error  is  significant  at  the  -6  dB  multipath  level  but  this  high  a level  is 
unrealistic.  The  multipath  separation  angle  in  azimuth  (Scenario  D-1)  was 
chosen  as  large  as  physically  likely  but  did  not  result  in  appreciable  error 
at  any  multipath  level  (Figure  4-59) . The  multipath  duration  is  very  short  for 
both  of  these  scenarios  (0.85  sec  and  0.7  sec). 

If  the  surface  in  front  of  the  azimuth  antenna  is  flat  and  homogeneous, 
the  reflected  beam  will  be  syTiimetrical  with  the  direct  beam  and  the  errors  will 
be  negligible.  However,  if  the  azimuth  antenna  is  allowed  to  illuminate  the 
ground,  there  will  be  vertical  lobing  of  the  pattern  with  possible  signal  loss 
in  the  pattern  nulls  as  well  as  increased  susceptibility  to  multipath  from  other 
reflectors.  When  the  surface  is  tilted  laterally,  the  reflected  beam  will  be 
displaced  from  the  direct  beam  and  the  resultant  distortion  will  cause  errors. 

Any  reflection  variability  caused,  for  example,  by  vegetation,  snow  cover  or 
drifting  snow,  or  an  obstruction  can  cause  similar  errors.  Scenario  E-1  consists 
of  a lateral  slope  of  5 degrees  throughout  the  reflecting  region.  This  results 
in  a very  small  multipath  difference  angle  and  scalloping  frequency. 

The  results  of  the  E-1  tests  are  shown  in  Figure  4-60.  The  errors 
tend  to  become  large  at  high  multipath  levels.  Normally,  the  azimuth  antenna 
would  be  designed  with  sufficient  aperture  to  prevent  much  ground  illumination. 
Snow  drifts  may  still  present  a problem. 
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SCENARIO  C-1,  ELEVATION 
Aircraft  Reflection 
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Figure  4-59  SCENARIO  D-1,  AZIkiTTH 
Aircraft  Reflection 
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The  multipath  parameters  of  the  AWOP  scenario  B2  simulation  shown  in 
Figure  4-56  were  modified  to  represent  the  same  multipath  interference  region 
as  that  used  in  the  digital  simulation  at  Lincoln  Laboratories  (14) . Edge 
diffraction  multipath  was  included  that  extended  the  multipath  region  to  3800 
feet  although  at  a very  low  level.  The  antenna  pattern  was  extended  beyond 
the  nominal  40°  shown  in  Figure  4-56  resulting  in  multipath  interference  up 
to  1000  feet  from  the  antenna. 

Figures  4-61  and  4-62  show  three  repetitive  runs  of  the  breadboard 
receiver  and  the  Phase  3 receiver  with  the  modified  AWOP  B2  scenario.  The 
breadboard  receiver  has  very  similar  performance  characteristics  to  the  Phase 
2 1/2  receiver.  The  rms  error  with  the  Phase  3 receiver  is  less  than  the  bread- 
board receiver  due  to  the  sharper  cutoff  characteristics  of  the  o,B  filter. 
Comparison  of  the  breadboard  and  Phase  3 receiver  errors  indicates  that  the 
Adaptive  narrow  tracker  gates  in  the  Phase  3 implementation  were  effective  in 
reducing  the  average  angle  error.  Variations  between  runs  in  the  mean  error 
were  a result  of  the  random  multipath  phase  for  the  start  of  each  run. 

4.4.2  Screen  Tests 

The  screen  tests  specified  in  the  ICAO  test  plan  were  simulated  as 
flat  plates.  The  actual  screens  use  a wire  mesh  surface  that  is  somewhat 
flexible  and  the  flexing  of  the  25  ft  by  50  ft  frame  made  its  reflectivity 
somewhat  unpredictable  in  field  tests.  In  addition  a slight  screen  tilt, 
changes  in  the  screen  orientation  and  aircraft  heading  changes  greatly  affected 
the  characteristics  of  the  resulting  multipath  observed  in  flight  tests.  Thus, 
in  the  simulations  a range  of  multipath  amplitudes  and  screen  tilt  angles  were 
used  with  the  resulting  errors  bracketing  the  flight  test  results.  These  data 
are  reported  in  Calspan  TN-4. 

It  was  found  that  screen  test  A could  be  reasonably  well  simulated 
by  the  single  flat  plate  used  in  these  scenarios.  The  screen  A multipath  tests 
generate  an  interference  region  near  runway  threshold.  This  scenario  was  run 
on  the  Calspan  simulator  using  the  screen  location  and  orientation  specified  for 
the  ICAO  tests.  The  multipath  interference  was  represented  by  a flat  rectangle 
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Figure  4-61  SCENARIO  AWOP  B-2  (MODIFIED) 
BREADBOARD  RECEIVER 
220  FT/SEC,  20:1  GLIDE  SLOPE 
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with  sufficient  tilt  to  produce  a separation  angle  of  0.6®.  Time  histories 
shown  in  Figure  4-63  were  run  for  an  M/D  ratio  of  -5  dB.  Three  replications 
are  shown  to  illustrate  the  effect  of  different  multipath  phase  angles.  The 
multipath  phase  was  random  for  the  start  of  each  run. 

The  slew  rate  limiter  was  placed  before  and  after  the  10  radian/second 
. filter  in  the  Phase  2 1/2  receiver  to  show  the  effect  on  the  mean  error.  Placing 
the  rate  limiter  after  the  filter  significantly  reduces  the  mean  shift  for  this 
scenario . 

If  the  first  time  history  from  filter  of  Figure  4-63  is  compared 
to  the  flight  test  results  shown  in  Figure  4-64  the  similarity  in  the  two  error 
traces  is  apparent.  A higher  level  of  M/D  such  as  -4  dB  would  result  in  very 
close  agreement  between  the  error  magnitudes.  It  should  be  noted  that  the  range 
scale  for  the  error  plots  of  the  simulator  tests  were  expanded  by  about  a factor 
of  two.  Also,  there  appears  to  be  considerably  more  filtering  in  the  photo 
reduced,  merged  tape  data  plotted  from  the  flight  tests.  A "smoothed  curve" 
of  the  first  time  history  is  included  in  Figure  4-64  to  illustrate  the  similarity. 
The  multipath  interference  region  from  the  screen  occurs  closer  to  the  GPIP  than 
for  the  simulator  scenario  indicating  a slight  difference  in  the  geometry  used 
in  the  flight  tests.  Even  though  the  screen  is  not  a flat  surface  it  does 
produce  error  traces  for  this  scenario  that  can  be  approximated  by  a flat  screen 
in  a multipath  simulator. 
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= limiter  before  filter 
= limiter  after  filter 

Figure  4-63  SCREEN  A THRESHOLD  MULTIPATH  - THREE  REPLICATIONS 
(BENDIX  RECEIVER  E-104,  PHASE  2 1/2) 
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Section  5.0 

SINGLE  EDGE  PROCESSOR  (SEP) 


I 

I 


I 


The  SEP  has  been  proposed  as  the  airborne  processing  technique  for 
flare  data  in  the  TRSB.  In  this  section  the  performance  characteristics  of 
the  SEP  will  be  presented  and  are  based  upon  simulation  tests  of  the  breadboard 
processor.  In  addition  to  processing  flare  data  it  is  shown  in  Section  5.3  that 
the  multipath  errors  in  elevation  data  can  be  greatly  reduced  and  SEP  can 
complement  the  dwell  gate  processor  for  elevation  data. 

5.1  Description  of  Breadboard  SEP 

When  multipath  occurs,  the  beams  may  be  distorted  and  errors  are 
introduced.  In  the  case  of  elevation,  the  distortion  occurs  principally  on 
the  inside  beam  edges  for  typical  reflectors;  vertical  hangars  for  elevation 
and  the  surface  in  front  of  the  antenna  for  flare.  It  is  possible  to  reduce 
the  effects  of  elevation  multipath  by  making  use  of  this  characteristic  and 
process  the  outside  edges  of  the  DOWN-UP  scans.  This  technique  is  referred 
to  as  single  edge  processing. 

A delay  and  compare  technique  was  implemented  that  is  similar  to  the 
processor  under  evaluation  for  flare.  On  the  DOWN  scan,  the  video  signal  is 
attenuated  and  compared  with  the  unattenuated  but  delayed  video  signal.  Equality 
of  these  signals  starts  the  counter.  During  the  UP  scan,  it  is  the  delayed 
signal  that  is  attenuated  and  compared  with  the  undelayed,  unattenuated  signal. 
Equality  then  stops  the  counter.  A bias  determined  by  an  average  beamwidth 
measurement  is  subtracted  from  the  count  to  produce  the  angle  indication. 

The  operation  of  the  Calspan  breadboard  delay  and  compare  receiver  is 
depicted  in  Figure  5-1  and  the  signals  involved  are  shown  in  Figure  5-2.  The 
threshold  points  to  start  and  stop  the  angle  indication  count  are  adjustable  by 
means  of  the  analog  delay  line  (to  30  ^seconds)  and  the  attenuation  bias  level 
(attenuation  is  proportional  to  bias  for  a log  video  signal).  The  values  currently 
being  used  are  12.5  microseconds  and  -10  dB.  The  comparator  output  is  high  when 
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Figure  S-2  DEUY  S COMPARE  RECEIVER  WAVESHAPES 


Validation  § Control  Logic  Functions 

1)  "Angle  Counter  Enable"  may  be  set  high  only  during  the  "DOWN  Scan." 

2)  "Read  Counter"  command  is  issued  only  during  the  "UP  Scan"  when  angle 
counter  enable  is  high. 

3)  ."Angle  Counter  Enable"  is  set  high  by  the  first  trailing  edge  out  of  the 

comparator;  succeeding  comparator  outputs  will  not  affect  it. 

4)  A "Read  Counter"  command  is  issued  for  every  comparator  leading  edge  in  the 
UP  scan  and  the  final  read  counter  is  the  actual  count  that  is  put  out. 
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the  attenuated  signal  level  exceeds  the  unattenuated  signal.  During  the  DOWN 
scan  the  undelayed  signal  is  attenuated  while  during  the  UP  scan  it  is  the 
delayed  signal  that  is  attenuated  as  shown  in  Figure  5-2.  The  baseline  control 
sets  a threshold  on  baseline  noise  to  prevent  false  triggering. 

Validation  logic  is  provided  to  ensure  that  only  valid  angle  counts 
are  produced.  Failure  to  satisfy  the  constraints  listed  in  Figure  5-2  will 
result  in  a flag  and  repetition  of  the  last  valid  data.  In  addition,  a peak 
detector  and  associated  logic  similar  to  that  used  in  the  Phase  2 1/2  threshold 
receiver  is  included  for  sidelobe  protection. 

5.1.1  SEP  Performance  Characteristics 

The  time  delay  and  attenuation  of  the  two  beam  envelopes  in  the  SEP 
can  be  varied  over  a range  of  values  without  significantly  changing  the  multipath 
error  characteristics  of  the  processor.  Figure  5-3  shows  baseline  tests  in  which 
the  threshold  setting  is  varied  from  -6  dB  to  -10  dB  for  a time  delay  of  12.5 
piseconds  with  little  affect  on  the  error.  Similar  curves  are  shown  in  Figure 
5-4  for  a fixed  -10  dB  threshold  and  the  time  delay  varied  from  8 ^seconds  to 
20  piseconds. 

In  Figure  5-5  baseline  test  data  for  a 1/2  degree  flare  antenna  are 
shown  for  multipath  occurring  on  either  side  of  the  beam.  Most  multipath 
scenarios  generate  negative  multipath  separation  angles  so  that  the  SEP  technique 
is  very  effective  in  reducing  the  errors.  Positive  multipath  can  occur  in  the 
flare  maneuver  when  the  aircraft  antenna  is  below  the  ground  antenna  phase 
center  height.  Roof  edge  diffractions  from  tall  hangars  can  also  generate 
positive  separation  angles.  The  error  curves  of  Figure  5-5  shows  that 
significant  errors  can  occur  unless  the  multipath  level  is  low  and  the  positive 
separation  angles  are  small.  This  is  the  case  for  realistic  situations  as  will 
be  shown  in  Section  5. 2. 4.1. 

Motion  averaging  is  still  effective  at  positive  multipath  separation 
angles  in  reducing  the  standard  deviation  of  the  errors  as  is  shown  in  Figure 
5-6  for  tests  out  to  a scalloping  frequency  of  200  Hz.  The  higher  scalloping 
frequencies  have  little  affect  on  the  mean  errors. 
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BASELINE  TESTS  - BREADBOARD  SEP  RECEIVER 
-3  dB  J4ultipath 
•25  dB  Sidelobes 
12. S pseconds  Delay 
0.32  Hz  Scalloping  Frequency 
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Figure  5-6  SEP  TESTS  - FLARE  (1/2*  BEAMWIDTHJ 
-3  dB  Multipath 
25  dB'Sidelobes 
♦0.15*  Separation  Angle 
33%  Missed  Scans 
♦0.10*  Separation  Angle 
47%  Missed  Scans 


5.1.2  Linearity  Effects 

The  SEP  accuracy  is  sensitive  to  any  beam  shape  distortions  in  the 
receiver  processing.  Nonlinearities  in  the  log  IF  amplifiers  can  cause  shifts 
in  the  decoded  angle  that  vary  for  different  signal  levels.  Tests  were  run 
on  the  log  IF  in  the  Calspan  breadboard  over  the  useable  range  of  signal  levels. 
Figure  5-7  shows  the  mean  shift  and  standard  deviation  of  the  decoded  angle  for 
a 10  second  test  period  at  various  signal  levels.  The  mean  shifts  fall  within 
about  1%  of  the  correct  value  down  to  signal  levels  of  -73  dBm.  At  -82  dBm  the 
beam  shape  distortion  is  sufficient  to  cause  system  flags.  The  linearity 
specification  on  this  log  IF  was  ±1  dB  over  the  80  dB  input  range  of  the  amplifier. 

For  single  edge  processing  it  would  be  desirable  to  have  a log  IF  with 
better  linearity.  With  a digital  processor  these  mean  shifts  can  be  calibrated 
out  and  used  as  a correction  factor  in  the  angle  decoding.  These  correction 
factors  could  be  determined  in  the  initial  bench  checks  on  the  receiver  and  then 
stored  in  the  computer  memory.  Further  test  data  are  required  on  the  log  IF 
nonlinearities  before  the  need  for  a calibration  factor  can  be  determined. 

The  sensitivity  of  the  SEP  to  nonlinearities  should  be  considerably 
reduced  in  a digital  processor  that  can  utilize  averaging  techniques  in  determin- 
ing the  threshold  point.  Thus,  the  nonlinearities  in  the  log  IF  may  not  be  very 
significant  for  subsequent  SEP  designs. 

5.1.3  Beamwidth  Measurements 

The  SEP  angle  measurements  must  be  corrected  by  a quantity  proportional 

to  the  beamwidth  of  the  signal.  This  quantity  is  approximately  constant  for  ranges 

2 

in  the  far-field  (beyond  D /A)  antenna  pattern  for  elevation  data.  For  flare  data 
with  the  antenna  focused  at  1500  feet  the  beam  will  become  broader  in  the  far 
field.  The  beamwidth  correction  can  be  determined  from  a dwell -gate  width 
measurement  using  averaging  and  outlier  criteria  to  minimize  the  effects  of 
multipath  and  noise. 

The  dwell  gate  measurement  should  be  carried  out  as  soon  as  the  beam 
is  acquired.  This  will  avoid  the  principal  effects  of  multipath  that  occur  at 
lower  altitudes.  Receiver  noise  at  low  signal  level  causes  the  standard 
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deviation  of  beamwidth  measurement  illustrated  in  Figure  5-8.  The  sum  of  the 
DOWN  and  UP  dwell  gates  for  each  scan  was  used  for  this  measurement.  The 
standard  deviation  of  an  average  dwell  gate  measurement  can  be  reduced  by  the 
square  root  of  the  number  of  measurements  in  the  average.  For  example,  5 seconds 
of  averaging  (at  40.5  scans/second)  will  reduce  the  average  dwell  gate  standard 
deviation  to  about  0.002°  at  a -100  dBm  signal  level.  At  higher  signal  levels 
shorter  averaging  times  will  provide  even  more  stable  measurements. 

It  is  necessary  to  maintain  linearity  in  the  signal  processor  so 
that  the  dwell  gate  threshold  retains  its  level  as  the  signal  input  is  varied. 

In  the  breadboard  receiver  (implementation  is  similar  to  Phase  2 1/2  receivers) 
this  was  not  the  case,  with  the  result  that  the  measured  dwell  gate  width  varied 
with  signal  level.  This  is  illustrated  in  Figure  5-9  where  the  threshold  was 
set  at  -7  dB  (average  of  the  SEP  comparison  points,  -4  dB  and  -10  dB)  in  the 
middle  of  the  range. 

The  breadboard  receiver  uses  an  analog  delay  line  (ITT  type  TCA  350) 
or  bucket  brigade  device  to  provide  the  delayed  log  video  signal  to  the  thresh- 
old comparator.  Most  of  the  system  nonlinearity  appeared  to  be  in  this  delay 
circuitry.  No  attempt  was  made  to  linearize  this  circuit  or  to  try  some  of  the 
newer  bucket  brigade  devices  now  on  the  market.  It  is  apparent  that  a great 
improvement  in  linearity  or  compensation  is  necessary  if  an  analog  circuit  is 
to  be  used  for  beamwidth  measurement.  The  use  of  digital  circuitry  such  as  is 
used  in  the  Phase  3 receivers  (analog  to  digital  converter  and  digital  shift 
registers  for  delay)  would  provide  good  linearity  and  permit  accurate  beamwidth 
measurements. 

5. 1.3.1  Effects  of  Multipath 

Beamwidth  measurements  can  be  affected  by  multipath  signals  distorting 
the  beams.  Simulations  were  run  to  determine  how  much  averaging  is  required  in 
the  beamwidth  measurement  to  make  the  effects  of  multipath  insignificant.  A 
series  of  tests  were  run  with  the  AWOP  B-2  elevation  hangar  reflections  using 
different  averaging  times  before  the  beam  is  distorted  by  the  multipath.  Figure 
5-10  shows  the  results  of  these  tests.  These  data  show  that  beamwidth  measure- 
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Figure  5-10  BEAMW I DTH  MEASUREMENT 
AVERAGING  TIME-  - AW0P 
B2  HANGAR  SCENARIO 
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ments  averaged  10  seconds  before  the  multipath  region  would  result  in  an  increase 
in  the  mean  error  of  0.004  degrees.  Zero  error  results  for  a 20  second  averaging 
period.  Averaging  times  of  10-20  seconds  are  short  enough  to  make  insignificant 
the  error  from  beam  broadening  due  to  the  scan  angle  in  elevation  and  the  focussed 
flare  antenna. 

If  the  SEP  is  used  in  the  flare  processor  sufficient  averaging  must 
be  used  in  the  beamwidth  measurement  to  make  the  effects  of  ground  reflections 
insignificant.  It  was  found  from  flare  simulations  that  for  a touchdown  at 
threshold  and  a 0 dB  ground  reflection  if  the  beamwidth  average  measurements 
are  started  at  26  seconds  before  touchdown  the  error  in  the  elevation  angle 
measurement  will  be  less  than  0.004  degrees. 

Beam  broadening  due  to  near  field  effects  can  also  affect  beamwidth 
measurements.  These  effects  should  be  insignificant  since  they  only  occur  for 
long  touchdowns  near  the  antenna.  The  long  touchdown  flight  paths  have  very 
small  beam  distortions  from  ground  reflections  and  are  in  the  broadened  beam 
of  a focussed  antenna  for  about  3 seconds.  The  beamwidth  for  an  antenna  focussed 
at  2500  ft  does  not  increase  significantly  until  within  about  1500  feet  from 
the  antenna.  The  averaging  time  of  26  seconds  is  too  long  to  permit  the  beam- 
width  measurements  to  follow  the  near  field  beam  broadening.  However,  the 
increased  error  that  does  occur  close  to  the  antenna  can  be  accommodated  in  the 
angular  error  budget  that  increases  as  the  touchdown  distance  from  the  antenna 
decreases.  In  the  far  field  the  beamwidth  will  change  slowly  with  range  so  that 
long  averaging  times  may  be  acceptable.  The  optimum  averaging  time  for  flare 
data  can  only  be  selected  from  a computer  simulation  of  the  antenna  pattern 
variations  as  a function  of  the  range  from  its  focal  point. 

5.2  Flare  Tests  with  SEP 

Flare  scenarios  were  run  to  measure  the  peak  errors  expected  with  the 
SEP  technique.  Some  comparison  tests  were  run  using  a multipath  control  technique 
(MCT)  requiring  power  programing  of  the  ground  antenna  and  an  airborne  correction 
in  the  processor.  Several  hangar  scenarios  were  run  including  a tilted  hangar 
to  determine  the  significance  of  hangar  reflection  on  the  SEP  for  flare  data. 
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5.2.1 


Flare  Scenarios 


All  of  these  scenarios  are  based  on  an  exponential  flare  with  fixed 
parameters,  e.g.  a preprogramed  flare  path.  These  parameters  are: 


Initial 

Aircraft  Antenna  Height 

60 

Feet 

Initial 

Glide  Slope 

3 

Degrees 

Horizontal  Aircraft  Velocity 

200 

Feet/Second 

Initial 

Descent  Rate 

10.5  Feet/Second 

Descent 

Rate  at  Touchdown 

2 

Feet/ Second 

The  range  at  touchdown  (from  a point  on  centerline  opposite  the  flare  antenna) 

* 

was  varied  from  4000  feet  to  1000  feet  in  1000  foot  increments  . The  height  of 
j the  aircraft  antenna  at  touchdown  was  set  at  8 feet  and  12  feet.  Twelve  feet 

is  typical  of  a transport  type  aircraft  considering  the  antenna  to  wheel  height 
and  angle  of  attack.  Eight  feet  is  the  specified  minimum  guidance  height  for 
j flare  and  represents  the  worst  case  multipath  beam  separation  angle. 

I 

, A horizontal  reflecting  ground  was  assumed  throughout  the  tests. 

Reflectivity  was  taken  as  70%  (-3  dB)  and  100%  (0  dB) . (Zero  dB  results  are 
reported  here.  Typically,  a 25%  reduction  in  peak  error  was  found  for  -3  dB 
multipath.)  The  antenna  phase  center  height  was  15  feet  for  a 1/2®  beamwidth 
and  11  feet  for  3/4®  beamwidth.  These  heights  allow  approximately  3 feet 
clearance  for  snow.  The  multipath  phase  was  computed  for  the  geometrical  path 
length  difference  with  an  added  180®  phase  shift  at  reflection.  This  would  be 
typical  for  near  grazing  incidence. 

j Figure  5-11  illustrates  the  geometry  of  these  flare  scenarios.  The 

• multipath  separation  angle  is  (0^  + 6|^)  from  this  diagram.  As  the  aircraft 

descends,  the  multipath  separation  angle  becomes  small  and  the  effect  of  the 
multipath  increases.  Plots  of  the  extreme  cases  of  separation  angle  variation 
with  time  are  shown  in  Figure  5-12.  The  smallest  separation  angles  occur  for 
touchdowns  at  4000  feet  from  the  antenna.  The  separation  angles  for  a touchdown 
at  1000  feet  remain  large  and  the  multipath  errors  for  this  case  are  correspondly 

*The  simulator  does  not  include  the  effects  of  beamwidth  variations  with  range. 
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Note:  The  multipath  separation 
an«le  is  8_  ♦ 6u 


small.  The  relative  multipath  phase  for  these  same  extreme  cases  is  presented 
in  Figure  5-13. 


The  TRSB  simulator  provides  control  of  the  multipath  scalloping 
frequency.  For  most  scenarios  frequency  control  is  adequate  but  for  flare 
simulations  the  differential  multipath  phase  must  be  controlled  directly.  A 
future  modification  of  the  simulator  will  implement  phase  control  as  this  is 
necessary  for  closed  loop  flare  tests. 

At  present,  an  approximate  flare  simulation  is  made  possible  by 
initiating  a fixed  scalloping  frequency  at  the  desired  phase  and  varying  the 
separation  angle  linearly  with  time.  The  correct  phases  and  separation  angles 
are  obtained  throughout  the  test  as  they  are  linearly  related.  Both  are  pro- 
portional to  aircraft  height  divided  by  range  in  the  small  angle  approximation. 

The  relationship  is  shown  in  Figure  5-14.  Since  phase  does  not  really  advance 
linearly  with  time  for  these  scenarios,  the  time  scale  becomes  nonlinear  as  is 
evident  from  the  error  plots. 

These  scenarios  are  based  on  specific  flight  path  geometries.  However, 
variations  of  an  aircraft  from  the  flight  path  change  the  multipath  phase  and 
separation  angle  proportionately  as  indicated  above.  The  effect  is  not  to 
change  the  error  magnitude  but  to  introduce  a further  distortion  into  the  time 
scale.  The  multipath  errors  presented  here  are,  therefore,  representative  of 
all  flares  within  the  range  of  parameters  covered.  Likewise,  raising  the 
reflecting  surface  by  snow  cover  has  the  same  effect  on  the  separation  angle  and 
multipath  phase  as  an  aircraft  height  deviation.  The  results  reported  are  also 
representative  of  this  condition. 

5.2.2  Flare  Processing  with  MCT  and  SEP 

An  alternate  flare  processing  technique  modifies  the  ground  transmissions 
so  that  the  multipath  signal  is  reduced  and  a dwell  gate  processor  can  be  used  in 
the  aircraft.  In  this  multipath  control  technique  (MCT)  the  beam  scan  is  stopped 
before  the  ground  is  significantly  illuminated  so  that  a large  multipath  signal 
is  not  produced. 
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For  these  tests  the  beam  was  stopped  at  0 degrees  (horizontal).  This 
is  not  necessarily  the  optimum  angle.  In  order  that  the  normal  receiver  can 
continue  to  function  properly  when  near  0 degrees,  the  transmitted  power  in  the 
stopped  beam  is  reduced  in  a prescribed  manner.  The  normal  receiver  dwell  gates 
are  produced  for  receiver  angles  equal  to  or  above  the  stop  scan  angle  and  the 
correct  angle  is  indicated.  When  the  receiver  antenna  goes  below  the  stop  scan 
angle,  as  it  must  for  C-band  transmissions  from  a phase  center  height  of  15  feet 
for  a 1/2°  beamwidth,  a correction  must  be  applied  to  the  measured  angle  in  the 
processor.  In  these  tests,  the  correction  was  simply  determined  by  a flare 
simulation  without  multipath  (Figure  5-15).  The  correction  was  then  subtracted 
from  the  simulation  with  multipath  applied  so  that  the  effect  of  the  multipath 
alone  was  obtained.  In  other  words,  a perfect  MCT  correction  factor  was  used 
for  these  tests. 

5. 2. 2.1  Results  of  1/2°  Beamwidth  Tests 

Figures  5-16  and  5-17  show  the  multipath  errors  from  simulations  using 
MCT  with  the  normal  receiver  and  -30  dB  sidelobes  for  aircraft  antenna  heights 
of  8 and  12  feet.  The  worst  errors  appear  at  the  4000  foot  touchdowns  where  the 
multipath  separation  angle  becomes  minimum.  The  peak  error  exceeded  4 feet  with 
an  aircraft  antenna  height  of  8 feet.  As  the  landings  are  made  closer  to  the 
antenna  the  multipath  separation  angle  increases  and  the  errors  become  very  small 
Landings  close  to  the  antenna  are,  however,  more  susceptible  to  possible 
discrepancies  in  the  MCT  correction  factor.  Beam  broadening  at  short  range  can 
also  introduce  errors.  These  errors  are  not  included  in  this  simulation. 

Figures  5-18  and  5-19  give  the  multipath  errors  for  the  SEP  receiver 
(no  MCT)  with  the  same  scenarios  (0  dB  multipath  and  -30  dB  sidelobes).  The 
errors  are  very  well  controlled  in  this  case.  However,  the  SEP  error  is 
susceptible  to  the  multipath  sidelobes  as  shown  by  Figures  5-20  and  5-21  for 
-25  dB  sidelobes. 

A few  runs  were  made  with  the  SEP  receiver  using  MCT  on  the  transmitter 
The  MCT  had  almost  no  effect  on  the  SEP  multipath  errors.  When  the  aircraft 
descended  to  an  angle  so  far  below  the  stop  scan  adgle  that  the  SEP  comparison 
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Figure  5-15  MCT  CORRECTION  FACTOR 

- 1/2*  Beamwidth,  Stop  Scan  at  0* 

- Measured  on  Simulator 

- Correction  at  0*  is  required  as 

receiver  threshold  was  -3  dB  but 
siaulator  MCT  program  was  designed  for  -4  dB 
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Figure  5-17  FLARE  SCENARIO  - NORMAL  RECEIVER  WITH  MCT  12  FT.  AIRCRAFT 
ANTENNA  HT. , 0 dB  MULTIPATH,  -30  dB  SIDELOBES 
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points  were  disturbed  by  the  power  programming,  large  errors  occurred.  Although 
these  errors  may  be  correctable,  in  the  same  way  as  the  dwell  gate  receiver  was 
corrected,  MCT  and  SEP  are  not  presently  considered  to  be  compatible  techniques. 

5. 2. 2. 2 Results  of  3/4°  Beamwidth  Tests 

A 3/4°  beamwidth  antenna  is  smaller  than  a 1/2°  antenna  so  that  the 
phase  center  height  can  be  lowered  from  15  feet  to  11  feet  for  C-band  (with 
3 foot  ground  clearance).  The  multipath  separation  angles  are  not  changed. 

Only  SEP  results  are  shown  since  the  errors  for  the  MCT  processor  with  a 1/2 
degree  beamwidth  were  about  twice  those  for  the  SEP.  The  SEP  errors  in  the 
3/4°  beamwidth  scenarios  appear  in  Figures  5-22  and  5-23.  The  peak  angular 
errors  are  increased  about  in  proportion  to  the  beamwidth  increase  (50%)  over 
the  1/2°  beamwidth  errors.  The  errors  also  start  earlier  in  the  flare  because 
of  the  wider  beam. 

5. 2. 2. 3 Sidelobe  Effects 

The  peak  errors  for  sidelobes  of  -20  dB,  -25  dB,  and  -30  dB  are  shown 
in  Figure  5-24  for  the  SEP.  These  indicate  that  sidelobes  should  be  keep  to 
less  than  -25  dB  if  the  height  errors  are  not  to  exceed  2 feet. 

5.2.3  Error  Correction  Algorithms  for  SEP 

As  described  previously,  at  small  elevation  angles  as  in  flare,  the 
multipath  phase  and  separation  angles  are  linearly  related.  In  fact,  as  was 
shown  in  Figure  5-14,  a single  flare  scenario  that  provides  the  smallest 
separation  angle  of  interest  will  pass  through  all  the  other  applicable  multi- 
path  conditions.  The  scenario  with  touchdown  at  4000  feet  range  and  8 feet 
antenna  height  meets  this  criterion.  A simple  correction  algorithm  has  been 
developed  for  this  scenario. 

The  correction  is  based  on  the  variation  in  dwell  gate  width  which 
provides  a measure  of  the  multipath  effect.  A plot  of  dwell  gate  width  vs. 

SEP  angle  error  for  the  4000  ft/8  ft  scenario  is  shown  in  Figure  5-25.  Time  is 
increasing  in  the  direction  of  the  arrows.  It  is  seen  that  the  function  may  be 
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Figure  5-22  FLARE  SCENARIO  - SEP  RECEIVER,  . 75' BEAMWIDTll 

8 FT  AIRCRAFT  ANTENNA  Iff.,  0 dB  MULTIPATH, -50  dB 
SIDELOBES 


Dwell  Gate  Width  Variation,  Microseconds  (Average,  to  § fro) 


Angle  Error,  Degrees 
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separated  into  2 regions.  Early  in  the  flare,  the  dwell  gates  are  shortened 
and  the  errors  are  negative  as  the  multipath  sidelobes  influence  the  measure- 
ment. Late  in  the  flare,  after  the  multipath  and  direct  beams  have  joined  to 
give  a very  wide  dwell  gate,  the  error  again  becomes  negative  and  the  dwell  gate 
varies  through  its  average  value. 

A correction  algorithm  was  prepared  that  follows  the  two  straight  lines 
indicated  in  Figure  5-25.  Until  the  dwell  gate  deviation  exceeds  a large 
positive  value,  correction  line  A is  used.  The  dwell  gate  deviation  (negative) 
is  multiplied  by  a constant  (0.0025  degrees/microsecond)  and  subtracted  from  the 
angle.  Deviations  from  line  A then  represent  the  residual  error. 

No  correction  is  attempted  when  the  dwell  gate  is  very  large  as  the 
error  is  relatively  small  and  the  gate  width  is  varying  rapidly.  However, 
when  the  gate  width  deviation  decreases  (to  8 microseconds) , correction  curve 
B is  implemented.  The  slope  is  the  same  as  curve  A but  a constant  8 microseconds 
is  subtracted  from  the  width  deviation. 

Figure  5-26  illustrates  the  dwell  gate  width,  the  error  without 
correction  and  the  corrected  error  for  zero  dB  multipath.  The  corrected  error 
is  always  less  than  2 feet  in  magnitude  even  for  the  4000  foot  touchdown  case. 
Figure  5-27  illustrates  the  correction  effect  when  the  multipath  level  is  reduced. 
At  -3  dB  multipath  the  error  becomes  very  small.  Even  when  the  multipath  is 
reduced  after  having  been  large  the  error  is  small  as  illustrated  by  the  10  dB 
reduction  in  multipath  level.  The  "glitch"  in  this  error  curve  is  the  result  of 
suddenly  switching  a 10  dB  attenuator  into  the  multipath  signal. 

There  is  a possibility  that  if  the  multipath  is  very  low  up  to  the 
final  3 or  4 seconds  of  flare,  a wide  dwell  gate  will  not  occur.  Then  the  switch 
between  correction  curves  A and  B may  not  occur.  The  error  would  correspond  to 
deviations  from  line  A as  indicated  in  Figure  5-25  (using  line  A where  B is  more 
appropriate).  As  with  the  other  error  curves  above,  the  effect  of  this  error 
remains  to  be  determined. 

During  flare,  the  output  of  the  SEP  would  be  used  to  determine  aircraft 
control  signals,  in  particular,  descent  rate.  The  errors  shown  thus  far,  although 
small  in  magnitude,  have  a significant  high  frequency  noise  component  that  would 
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Figure  5-26  FLARE  SCENARIO  - TOUCHDOWN  AT  4000  FT. 

AIRCRAFT  ANTENNA  HT.  8 FT. 

0 dB  MULTIPATH,  1/2*  BEAMWIDTH,  -25  dB  SIDELOBES 
200  FT/SEC 
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be  accentuated  by  an  angle  rate  measurement.  These  errors  were  all  filtered  by 
a 10  radian/second  filter  like  that  in  the  Phase  2 1/2  receivers. 

Error  curves  are  illustrated  in  Figure  5-28  that  have  been  passed 
through  a 2 radian/second  low  pass  filter.  At  this  point,  the  high  frequency 
noise  has  been  largely  removed  but  the  resolution  steps  (0.002®)  in  angle  are 
very  apparent. 

• 

Both  the  error  magnitude  and  error  rate  (for  computation  of  h)  will 
probably  be  required  for  autolands.  Visual  inspection  of  the  curves  of  Figure 
5-28  indicates  maximum  rate  errors  (for  one  second  averaging  times)  of  about 
2.1  ft/sec  exist  for  the  receiver  output  angle  and  about  1.3  ft/sec  for  the 
corrected  angle  as  indicated  in  Figure  5-29.  In  general,  the  correction 
algorithm  reduces  the  peak  rate  errors  by  a modest  amount.  These  errors  may 
be  compared  to  the  actual  descent  rate  which,  for  this  scenario,  varies  from 
10.5  ft/sec  to  2 ft/sec  at  touchdown.  Althbugh  this  estimate  indicates  that 
the  rate  errors  may  be  too  large,  their  significance  will  depend  on  the  degree 
of  data  smoothing  that  can  be  applied  as  well  as  any  interactions  between  the 
attitude  and  altitude  rate  data  in  the  control  loop.  In  the  DC-10  autoland 
control  loop  the  elevator  commands  are  a function  of  difference  between  the 
measured  altitude  rate  and  a programed  rate  determined  by  the  measured  altitude. 
The  altitude  and  altitude  rate  requirements  should  be  determined  in  a closed 
loop  aircraft  simulation. 

5.2.4  Flare  Hangar  Scenarios 

Reflections  from  nearby  hangars  can  also  occur  during  the  flare 
maneuver.  The  very  low  altitude  of  the  aircraft  and  the  antenna  location 
results  in  a small  multipath  separation  angle  that  causes  only  a small  error. 

The  scalloping  frequency  can  be  high  so  that  the  error  is  reduced  further  by 
motion  averaging. 

Three  flare  hangar  scenarios  illustrated  in  Figure  5-30  were  defined 
using  JFK  Buildings  B2  and  B3  from  AWOP  Scenario  5 (Reference  14  ).  The  elevation 
antenna  pattern  shaping  was  used  which  is  much  broader  than  required  for  the  flare 
system  coverage.  The  simulation  parameters  used  in  these  tests  are  given  in 
Table  3. 
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Figure  5-28  FLARE  SCENARIO  - TOUCHDOWN  AT  4000  FT. 
AIRCRAFT  ANTENNA  HT.  8 FT. 

1/2°  BEAMWIDTH,  200  FT/SEC,  -25  dB  SIDELOBES 
0 dB  MULTIPATH 
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Flare  Scenario,  AWOP  B3.  Same  fi  Opposite  Side 

Figure  S-3a  HANGAR  SCENARIOS  FOR  FLARE 

Antenna  Gain;  0 dB  within  ♦lO*.  4 dB  at  20*,  -7  dB  at  60* 
Building  Reflectivity:  0.9  to  20*,  0.7  beyond  20* 

Antenna  is  located  3000  ft.  from  threshold 
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Table  3 
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JFK  Buildings 


Scenario 

B2 

Opposite  Side 

B3 

Opposite  Side 

B3 

Same  Side 

Separation  Angles 
(Degrees) 

.051  to  -.016 

.116  to  -.054 

.006° 

Scalloping  Frequencies 
(Hz) 

62  to  171 

181  to  381 

14  to  48 

Maximum  Multipath  Level 
(dB) 

-7  dB 

-8  dB 

-1.5  dB 

Interference  Ranges 
(Feet) 

3150  - 5300 

1230  - 2500 

3000  - 5400 

The  results  of  these 

simulations  with 

the  SEP  appear  in 

Figure  5-31. 

The  errors  are  quite  small  and  do  not  appear  likely  to  cause  any  aircraft 
disturbance. 


The  errors  are  sufficiently  small  so  their  effect  on  the  beamwidth 
measurements  should  be  insignificant. 

5. 2. 4.1  Tilted  Hangar  Scenario 

It  has  been  pointed  out  in  Reference  (15)  that  hangars  can  tilt  as  much 
as  0.10°.  If  this  hangar  tilt  is  toward  the  runway  or  flare  antenna  it  will  Cause 
the  multipath  reflection  to  occur  on  the  outside  edges  of  the  DOWN-UP  scans. 

Since  the  threshold  determined  by  the  delay  and  compare  technique  uses  these 
outside  edges  the  errors  for  tilted  hangar  reflections  will  be  greater  than  for 
vertical  hangars. 

In  order  to  measure  the  effects  of  a tilted  hangar  a flare  scenario 
was  simulated  with  parameters  selected  to  be  a worst  case  situation.  The 
simulation  parameters  were  based  upon  the  JFK  hangar  B3  that  has  been  elongated 
and  tilted  0.20°.  The  airport  geometry  and  multipath  levels  were  prepared  by 
the  Lincoln  Laboratory  propagation  program. 
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AWOP  B-3  Opposite  Side  of  Runway,  Touchdown  at  1000  ft. 


Figure  5-31  FLARE  HANGAR  SCENARIOS  - 2 RUNS  EACH 
SEP  RECEIVER 
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A straight  line  approximation  to  the  actual  computed  values  was  used 
for  the  scalloping  frequencies  and  separation  angles  programed  In  the  Calspan 
hybrid  simulator.  Figures  5-32a  and  5-32b  show  the  scalloping  frequency  and 
separation  angle  variations  as  a function  of  time  to  touchdown.  A flared  path 
with  the  aircraft  touching  down  at  a range  of  8550  feet  from  the  azimuth  antenna, 
the  point  where  the  aircraft  antenna  is  8 feet  above  the  runway,  was  assumed  in 
the  Lincoln  Laboratory  computations. 

The  actual  multipath  levels  at  the  aircraft  receiver  are  determined 
by  the  relative  multipath  amplitude  and  the  horizontal  (azimuth)  pattern  of  the 
flare  antenna.  The  antenna  pattern  for  the  K^-band  flare  unit  was  used  in 
computing  the  multipath  levels  for  this  scenario.  Figure  5-33  shows  the  antenna 
pattern  proposed  for  the  flare  system.  Since  flare  guidance  is  only  required 
over  a very  limited  area  a very  narrow  pattern  can  be  used.  The  flare  antenna 
pattern  is  compared  to  the  elevation  pattern  in  Figure  5-33.  TTie  resulting 
multipath  levels  for  this  scenario  are  shown  in  Figure  5-34. 

The  results  of  three  replications  of  this  test  appear  in  Figure  5-35. 
The  raw  data  shown  corresponds  to  the  first  o,  8 tilted  run.  It  can  be  noted 
that  the  multipath  errors  from  this  hangar  scenario  with  a 0.20®  hangar  tilt 
are  insignificant. 

The  effectiveness  of  antenna  pattern  shaping  can  be  Illustrated  by 
running  the  same  scenario  with  the  wider  elevation  pattern.  Figure  5-36  shows 
three  replications  of  this  scenario  with  the  resulting  increase  in  error  as  the 
aircraft  approaches  touchdown,  the  point  where  the  separation  angle  is  about 
0.20®.  For  this  antenna  pattern  the  peak  multipath  level  is  -5  dB  and  at 
touchdown  is  -10  dB.  It  should  be  noted  that  modifications  to  the  SEP  could 
be  made,  such  as  envelop  averaging,  that  would  reduce  its  sensitivity  to  multi- 
path  interference  occurring  on  the  outside  edges. 

5.3  SEP  For  Elevation 

Although  the  TRSB  receivers  have  demonstrated  suitable  performance 
for  elevation  data  in  all  the  ICAO  multipath  scenarios,  there  may  be  special 
situations  for  VTOL  type  aircraft  and  helicopters  in  which  the  very  slow  final 
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Flare  Antenna  Pattern  in  Azimuth,  dB 


Relative  Multipath  Amplitude,  dB 
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approach  speeds  (near  zero  velocity)  do  not  provide  sufficient  error  reductions 
by  motion  averaging.  The  single  edge  processing  technique  is  very  effective  in 
reducing  the  multipath  errors  from  hangar  reflections  even  for  a hovering  heli- 
copter. 

A hovering  helicopter  will  have  very  low  scalloping  frequencies  so 
that  the  error  characteristics  can  be  lepresented  by  the  error  curves  from  the 
baseline  tests  in  Figure  5-37  and  peak  errors  for  the  in-and-out  of  phase 
conditions  shown  in  Figure  5-38,  For  comparison  similar  curves  are  shown  for 
the  Phase  3 receiver.  Figure  5-39  shows  the  error  plotted  versus  scalloping 
frequencies  for  multipath  separation  angles  of  0.25°  and  0.75°.  The  errors  with 
the  SEP  are  quite  small  even  at  scalloping  frequencies  near  zero.  At  the  higher 
scalloping  frequencies  the  multipath  error  is  significantly  smaller  than  the 
Phase  3 receiver.  Error  time  histories  for  AWOP  scenario  1,  hangar  B2  with 
approach  speeds  of  130  knots  and  40  knots  are  shown  in  Figures  5-40  and  5-41 
for  the  SEP  receiver.  The  same  scenario  at  130  knots  is  shown  for  the  Phase  3 
receiver  in  Figure  4-62  in  which  the  standard  deviation  increases  to  about 
0.017°  with  no  significant  mean  error.  The  SEP  technique  can  make  elevation 
hangar  multipath  errors  very  small. 

5.3.1  Effects  of  Multipath  at  Positive  Separation  Angles 

The  error  versus  multipath  separation  angle  curves  in  Figure  5-37 
show  the  errors  for  positive  multipath  separation  angles.  Multipath  interference 
on  the  outside  edges  (positive  angles)  cannot  occur  for  elevation  data  in 
realistic  hangar  scenarios  except  at  very  low  multipath  levels  as  a result  of 
edge  diffraction  effects.  A positive  separation  angle  could  occur  if  a hangar 
has  a large  tilt  toward  the  antenna.  For  elevation  data  the  aircraft  never  flys 
below  the  antenna  phase  center  height  so  positive  multipath  separation  angles 
can  not  occur  as  is  the  case  for  flare  data. 

As  shown  in  Figure  9 of  the  Lincoln  Laboratories  ATC  Working  Paper 
44WP-5040  (Reference  14)  the  multipath  separation  angle  for  building  B2  scenario  1 
(JFK)  starts  out  at  a positive  1.5  degrees.  At  these  positive  values  the  multi- 
path  level  is  very  low,  less  than  -32  dB,  as  would  be  expected  for  edge  diffraction 
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Elevation  Baseline  Test 
SEP  Breadboard 

1*  Beamwidth,  -25  dB  Sidelobes 

0.8  Hz  Scalloping  Frequency 

a>B  Filter 

0 dB  Multipath,  SEP 

-1  dB  Multipath,  SEP 

-15  dB  Multipath,  SEP 

-20  dB  Multipath,  SEP 

-3  dB  Multipath,  Phase  3 Receiver 


Figure  5-37 


rtti 


WJOTHS 


Figure  5-38  Elevation  Peak  Errors 
; -1  and  -3  dg  Multipath 

f 1*  Beanwidth,  -25  dB  Sidelobes 

♦ ♦ Breadboard  SEP,  -1  dB  Multipath 

; . . Phase  3 Receiver,  -3  dB  Multipath 

o— — o Breadboard  SEP,  -3  dB  Multipath 


multipath.  The  separation  angle  becomes  negative  at  a level  of  -24  dB  and 
approaches  -1.5  degrees  at  the  end  of  the  multipath  region.  It  should  be  noted 
that  these  levels  would  be  reduced  an  additional  4 to  5 dB  by  the  elevation 
antenna  pattern  shaping. 

It  is  shown  in  Figure  5-37  that  the  errors  resulting  from  multipath 
levels  of  -20  dB  or  less  are  insignificant  for  all  positive  angles.  Since  the 
error  curves  of  Figure  5-37  are  based  upon  a scalloping  frequency  of  0.8  Hz  they 
are  representative  of  the  errors  seen  by  a hovering  helicopter  in  the  multipath 
interference  region.  If  the  helicopter  is  approaching  at  several  knots  the 
motion  averaging  would  make  the  multipath  quite  small. 

Averaging  techniques  can  be  used  in  the  SEP  that  should  reduce  the 
errors  for  multipath  at  both  positive  and  negative  separation  angles.  A dual 
mode  elevation  processor  utilizing  both  the  SEP  and  the  beam  centroid  processor 
of  the  Phase  3 receiver  should  provide  optimum  performance  for  elevation  data 
in  any  multipath  scenario.  The  Phase  3 receiver  processor  has  better  low  S/N 
ratio  performance  than  the  SEP  and  should  be  used  at  long  range  and  for  signal 
acquisition. 

5.3.2  Implementation  of  SEP 

The  SEP  concept  has  been  evaluated  in  flight  tests  and  the  hybrid  MLS 
simulator  using  analog  techniques  in  the  breadboard  processors.  The  Phase  3 
receiver  and  all  subsequent  models  will  utilize  digital  processing  techniques 
with  microprocessors.  Implementation  of  the  SEP  only  requires  the  addition 
of  appropriate  computer  programs.  Since  the  SEP  is  very  effective  in  reducing 
elevation  multipath  errors  it  could  be  included  in  all  future  processing 
algorithms. 

The  concept  of  dual  SEP  and  centroid  processing  for  elevation  data 
is  very  attractive.  The  incoming  beam  shapes  would  be  digitized  and  then 
processed  in  the  two  separate  computer  programs.  Data  outputs  would  utilize 
the  centroid  processor  until  the  SEP  output  has  smaller  noise  errors  at  which 
time  the  SEP  data  would  be  the  output.  This  and  other  algorithms  based  upon 
the  time  separation  of  multipath  signals  should  be  evaluated  to  determine  the 
best  technique  for  utilizing  the  SEP  multipath  reduction  capabilities  in  future 
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processors. 


Section  6.0 

AIRCRAFT  CLOSED  LOOP  TESTS 


An  aircraft  simulation  was  added  to  the  MLS  simulator  so  that  closed  | 

loop  tests  could  be  conducted  to  determine  the  effects  of  multipath  on  an  air-  | 

craft  making  an  approach  under  autopilot  control.  In  addition,  the  closed  loop 
simulation  was  used  to  determine  the  effectiveness  of  MLS  beam  rate  data  in 
compensating  for  wind  shears  during  an  autopilot  approach  with  the  MLS  elevation 
channel . 

6. 1 Description  of  Closed  Loop  Simulation 

The  aircraft  used  in  the  closed  loop  simulation  was  the  Boeing  707-300 
that  is  representative  of  a medium  weight  transport  aircraft  and  had  been 
programed  on  the  analog  computer  for  other  simulation  analyses.  Aircraft 
dynamics  were  computed  for  a gross  weight  of  200,000  lbs,  glide  slope  of  2.7 
degrees  and  a trim  velocity  in  the  landing  approach  configuration  of  162  knots. 

This  aircraft  simulation  is  connected  to  the  MLS  simulator  for  the  closed  loop 
tests  with  the  MLS  breadboard  processor. 

Two  autopilot  configurations  were  implemented  for  these  evaluations. 

A baseline  autopilot  that  is  a simplified  version  of  system  B specified  in 
Reference  (16)  in  which  MLS  angle  displacement  was  used  with  a longitudinal 
accelerometer  and  altitude  rate  data  for  stabilizing  the  control  loop. 

A simplified  autopilot  was  synthesized  that  only  used  rate  data 
derived  from  the  MLS  signal  in  the  control  loop.  This  configuration  was 
evolved  to  provide  tighter  beam  following  in  the  presence  of  wind  shears. 

In  addition  the  design  represents  a rather  simple  autopilot  implementation. 

Both  autopilots  can  be  divided  into  two  basic  blocks,  an  outer  loop 
to  track  the  MLS  received  angle  and  an  inner  loop,  also  known  as  a Stability 
Augmentation  System  (SAS) , to  provide  stability  to  the  basic  airframe  and  help 
eliminate  short  term  environmental  disturbances.  The  performance  of  the  base- 
line autopilot  in  the  presence  of  multipath  and  wind  shears  will  be  the 
reference  for  comparing  the  performance  of  the  derived  rate  autopilot. 
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The  outer  loop  of  the  baseline  autopilot  uses  MLS  received  glide  slope 
angle  and  rate  of  descent  (h)  from  a rate  sensor.  Figure  6-1  shows  how  these 
elements  fit  together.  The  MLS  received  angle  deviation  is  limited  to  0.2 
degrees  and  converted  to  altitude  offset  from  the  glide  slope  using  altitude 
(h)  or  range  as  the  programing  variable.  The  error  from  the  glide  slope  is 
now  independent  of  range.  This  offset  and  its  integral  are  the  position 
correcting  elements  of  the  outer  loop  and  when  combined  with  a complementary 
filtered  rate  of  descent  (h) , become  the  commanded  pitch  angle.  Commanded 

elevator  angle  (6  ) is  obtained  by  combining  pitch  angle  with  aircraft  pitch 

. eo  ^ ^ 

rate  (0)  and  normal  acceleration  (h) . These  combined  elements  form  the  Stability 
Augmentation  System  (inner  loop). 

The  derived  rate  autopilot  only  uses  aircraft  pitch  rate  (0)  and  MLS 

• 

received  glide  slope  angle.  The  other  element,  change  in  rate  of  descent  (Ah), 
is  derived  from  the  glide  slope  angle  by  a rate  circuit  within  the  autopilot. 
Figure  6-2  shows  a block  diagram  for  these  elements.  The  MLS  received  angle  is 
again  limited  to  0.2  degrees  and  converted  to  an  altitude  offset  before  further 
processing.  The  angle-to-offset  conversion  could  use  signal  level  as  the 
programing  variable  or  a crude  range  measurement.  Range  to  the  antenna  is 
inversely  related  to  signal  amplitude.  The  filtered  aircraft  offset  and  its 
integral  become  the  position  error  for  the  outer  loop.  The  damping  term  for 
the  outer  loop  is  obtained  from  a band  limited  differentiator  and  low  pass 
filter  which  operates  on  the  MLS  received  angle.  The  combined  result  of  these 
three  elements  is  the  change  in  commanded  pitch  angle.  The  inner  loop  subtracts 
the  pitch  angle  rate  damping  term  from  the  commanded  pitch  angle  to  arrive  at  a 
commanded  elevator  angle. 

The  closed  loop  frequency  response  curves  for  these  two  autopilots 
to  glide  slope  angle  errors  are  shown  in  Figures  6-3  and  6-4.  The  rate  system 
is  very  underdamped  indicating  a need  for  accelerometer  data  to  complement  the 
angle  rate  data  in  order  to  improve  the  system  performance.  However,  because 
of  the  limited  scope  of  this  investigation  no  attempt  was  made  to  optimize  the 
rate  derived  system. 

This  AWOP  B2  scenario  (modified)  described  in  Figure  4-56 
was  run  with  both  autopilots  and  the  dwell  gate  and  single  edge  processors. 
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Figure  6-1  LONGITUDINAL  AUTOPILOT  - BASELINE  SYSTEM 
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The  simulated  multipath  level  was  equivalent  to  a hangar  with  a reflection 
coefficient  of  -3  dB  in  the  AWOP  scenario  after  applying  the  elevation  antenna 
pattern  shaping.  A ramp  angle  error  input  was  introduced  in  a later  test  to 
simulate  the  effect  of  a wind  shear  in  order  to  evaluate  the  relative  performance 
of  the  two  autopilots.  The  multipath  scenarios  were  initiated  by  starting  the 
aircraft  down  the  glide  path  for  approximately  5 seconds  before  initiating  the 
multipath  signal.  Two  seconds  after  passing  through  the  multipath  interference 
region  the  simulation  is  terminated.  At  the  end  of  the  simulation  the  aircraft 
has  reached  the  flare  initiation  point  but  has  not  returned  to  the  glide  path. 

The  aircraft  has  a delay  of  about  2 seconds  from  the  time  the  multipath  signal 
is  applied  until  aircraft  path  deviations  occur. 

6.2  Test  Results 

The  aircraft  perturbations  resulting  from  the  multipath  errors  in 
the  AWOP  B2  scenario  are  shown  in  Figure  6-5  and  6-6  with  the  dwell  gate 
processor  for  the  two  autopilots.  The  baseline  autopilot  held  the  aircraft 
displacement  to  about  1 foot  with  peak-to-peak  elevator  control  motions  of 
0.25®.  With  the  rate  derived  autopilot  the  flight  deviations  we  kept  to  about 
0.5  feet  but  the  control  motions  were  extremely  large,  about  10®  peak-to-peak. 
These  large  control  motions  indicate  the  need  for  better  damping  data  such  as 
accelerations  and  a reduced  loop  gain.  It  should  be  noted  that  these  runs  are 
terminated  before  the  aircraft  can  return  to  the  glide  path. 

Responses  for  the  control  motion  and  aircraft  motion  approximating 
filters  specified  in  Reference  (17)  are  also  shown.  The  poor  agreement  in  the 
simulated  aircraft  responses  and  filter  responses  is  apparent.  Modifications 
in  the  filter  transfer  functions  could  be  made  that  should  provide  more 
realistic  outputs. 

Figure  6-7  shows  the  same  multipath  scenario  run  with  the  SEP  and  the 
baseline  autopilot.  The  resulting  flight  path  deviations  and  control  motions 
are  insignificant  with  the  SEP.  Similar  SEP  tests  with  the  derived  rate  auto- 
pilot resulted  in  control  motions  of  about  half  amplitude  of  those  with  the 
dwell  gate  processor. 
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Figure  6-5  DH^LL  GATE  PROCESSOR  - Baseline  Autopilot,  AW0P-B2  Scenario 


gure  6-6  DWELL  GATE  PROCESSOR  - Derived  Rate  Autopilot,  AW0P-B2  Scenario 


Figure  b-7  SEP  - Baseline  Autopilot,  AWOP  B-2  Scenario 


Figures  6-8  and  6-9  show  the  aircraft  response  to  a ramp  error  of  0.05 
degree  per  second  assumed  to  be  a crude  approximation  to  the  effects  of  wind 
shears  experienced  by  an  aircraft  following  the  glide  slope.  The  advantage  of 
using  rate  data  derived  from  the  MLS  angle  signals  is  apparent  from  a comparison 
of  the  aircraft  motion  resulting  with  these  two  autopilots.  The  derived  rate 
autopilot  follows  the  ramp  error  with  very  little  lag  and  steady  state  error. 

A significant  steady  state  lag,  equivalent  to  about  20  feet  in  altitude,  occurs 
with  the  baseline  autopilot. 

It  appears  that  MLS  rate  data  could  be  effective  in  reducing  the  effect 
of  wind  shears  for  an  aircraft  on  an  autopilot  approach.  However  increased 
contiol  motions  will  result  from  multipath  disturbances.  A SEP  may  be  required 
with  a rate  type  autopilot  to  minimize  the  control  motions. 


6-11 


Figure  6-9  DERIVED  RATE  AUTOPILOT  - Ramp  Response 


Appendix  A 
PROPELLER  MODULATION 


The  TRSB  signal  format  includes  a variable  time  between  function 
repetitions  so  that  it  is  not  possible  for  propeller  shadowing  to  become 
synchronized  with  the  angle  scans.  This  jitter  is  incorporated  into  the 
simulator  signal.  Propeller  modulation  was  simulated  by  introducing  trapezoidal 
waveform  pulses  into  the  gain  controls  of  the  signal  amplifiers.  The  pulse  width 
used  was  1.87  milliseconds  at  the  mid-amplitude  points  with  0.5  millisecond  rise 
and  fall  times.  At  the  rotational  speeds  used  for  these  tests,  this  pulse  width 
corresponds  to  a duty  cycle  of  11.7%  or  a propeller  width  of  21°  (6"  width  at 
16.4"  radius).  The  pulse  amplitude  was  adjusted  to  provide  4,  8 or  12  dB 
maximum  attenuation. 

"Worst  case"  propeller  modulation  tests  were  carried  out  using  37 
propeller  passes  per  signal  repeat  period  of  592  milliseconds . This  corresponds 
to  1875  rpm  for  a two-bladed  propeller.  The  propeller  modulation  repetition 
frequency  was  locked  to  the  signal  frequency  and  the  phase  was  adjusted  for  a 
maximum  number  of  signal  eclipses.  As  a result,  8 DOWN  scans  and  3 UP  scans 
were  fully  attenuated  and  1 DOWN  scan  was  partially  attenuated  during  the  24 
DOWN-UP  scans  of  one  elevation  frame.  The  same  propeller  frequency  with  a 
different  phase  adjustment  resulted  in  4 fully  (almost)  eclipsed  TO  scans  and 
1 fully  eclipsed  FRO  pulse  during  an  azimuth  frame  of  8 TO-FRO  scans. 

Some  tests  were  run  with  the  propeller  modulation  unlocked  and  offset 
from  the  worst  case  condition  to  provide  an  indication  of  average  propeller 
modulation  effects.  The  offset  frequency  corresponded  to  about  1850  rpm  with 
a two-bladed  propeller. 

★ 

A. 1 Propeller  Modulation  Effects  at  Low  Signal  Levels 

Propeller  modulation  tests  were  run  at  high  (-60  dBm)  signal  levels 
with  very  little  effect.  Eclipsing  by  as  much  as  12  dB  caused  a slight  increase 

♦ 

All  of  the  low  signal  level  tests  were  run  on  the  Phase  2 1/2  receiver. 
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in  noise  but  the  standard  deviation  of  the  filtered  data  remained  about  0.003®. 


At  low  signal  levels,  the  propeller  modulation  can  cause  additional 
errors  and  missed  scans.  Figures  A-1  and  A-2  illustrate  the  increased  angle 
errors  and  missed  scans  for  an  azimuth  test  with  synchronized  worst  case 
modulation.  Propeller  modulation  is  seen  to  result  in  only  minor  increases  in 
angle  error  but  it  does  cause  earlier  drop  out  (system  flag)  with  low  signal 
level.  In  the  average  case,  however,  shown  in  Figure  A-2,  the  actual  signal 
level  required  for  acquisition  is  only  1 to  2 dB  greater  for  normal  propeller 
modulation  levels  of  4 to  8 dB. 

The  elevation  case  is  illustrated  in  Figures  A-3  and  A-4.  The  angle 
errors  in  this  case  are  not  greatly  different  than  the  case  with  no  propeller 
modulation  so  separate  curves  were  not  drawn  for  these  cases.  The  number  of 
missed  scans  was  nearly  constant  over  a range  of  signal  levels  as  indicated  by 
the  plateau  on  the  plot  of  missed  scans.  Here,  each  signal  eclipse  results  in 
a missed  scan,  the  previous  data  is  held  and  the  error  is  minimized.  Elevation 
differs  from  azimuth  because  of  the  much  higher  probability  that  both  scans  in 
a frame  are  eclipsed.  Elevation  tests  were  carried  out  at  3®  or  about  700  micro- 
seconds beam  separation  while  azimuth  tests  were  at  0®  or  about  6600  microseconds 
separation.  The  angle  filter  at  10  radians/second  cutoff  is  also  more  effective 
for  elevation  because  of  the  higher  data  rate.  Even  for  the  worst  case  (modulation 
synchronized)  the  propeller  modulation  had  an  insignificant  effect  on  acquisition 
range . 

Propeller  modulation  can  also  affect  the  DPSK  signal.  The  results  of 
I are  shown  in  Figure  A-5.  The  system  flag  point  is  little  changed  because 

• i>  Mas  carried  out  at  the  elevation  data  rate  where  there  are  insufficient 

to  actually  cause  dropout  (plateau  in  Figure  A-4). 

’ f ec  ts  of  Propeller  Modulation  in  Multipath 

• • ng  final  approach,  the  direct  MLS  signal  to  the  aircraft  will 
••1  if  the  airborne  antenna  is  on  the  centerline  behind  the 
' ipeller  modulation  occurs  simultaneously  with  the  signal. 

..r  •ill  arrive  from  angles  farther  from  the  flight  path  and 
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may  or  may  not  be  eclipsed,  depending  on  the  geometry  of  the  situation.  If  the 

geometry  does  allow  the  multipath  beam  to  pass  through  the  disc  of  the  propeller, 

the  eclipsing  of  this  path  will  be  separated  in  time  from  the  eclipsing  of  the 

direct  signal.  Multipath  that  is  not  eclipsed  at  all  or  is  eclipsed  separately 

from  the  direct  beam  results  in  the  largest  errors  because  it  is  at  full  strength 

when  the  direct  beam  is  reduced.  Therefore,  the  propeller  modulation  tests  were 

★ 

run  with  tmly  the  direct  beam  eclipsed  as  a worst  case  condition. 

The  multipath  scenarios  used  in  the  first  test  series  are;  A2,  a 
hangar  1200  feet  from  the  runway  and  parallel  to  it,  Bl,  a hangar  1000  feet 
from  the  runway  and  rotated  12°  to  bring  the  interference  into  the  decision 
region,  and  B3,  a hangar  850  feet  from  the  runway  similar  to  a hangar  at  JFK  13L. 

The  hangars  were  on  the  same  side  of  the  runway  as  the  elevation  transmitter  in  each 
case.  A fixed  multipath  level  of  -6  dB  was  used  (antenna  pattern  shaping  was  not 
considered  in  these  scenarios).  These  scenarios  are  more  fully  described  in 
Calspan  TN-4. 

Subsequent  tests  were  run  with  the  AWOP  B-2  scenario  described  in 
Figure  4-56.  These  were  run  with  the  breadboard  processor  operating  in  the  dwell 
gate  and  SEP  modes. 

The  multipath  scenario  tests  were  run  with  varying  depths  of  propeller 
modulation  added.  As  shown  in  Figures  A-6  through  A-8,  the  errors  increase  with 
propeller  modulation  but  not  drastically  for  typical  modulation  depths  of  4 to 
6 dB.  Note  that  these  tests  were  run  with  worst  case  eclipsing  as  described 
previously.  At  the  greater  depths  of  eclipsing,  the  Phase  2 1/2  receiver  shows 
a reduction  in  the  standard  deviation  of  error  as  compared  to  the  breadboard 
receiver.  This  is  apparently  the  effect  of  the  rate  limiter  incorporated  into 
the  Phase  2 1/2  receiver.  The  tests  with  the  AWOP  B-2  scenario  shown  in  Figure 
A-9  were  run  for  both  average  and  worst  case  propeller  modulation.  No  significant 
change  in  the  errors  occur  until  the  depth  of  modulation  exceeds  8 dB. 

A few  tests  were  run  with  the  propeller  phase  varied  but  with  the 
propeller  frequency  still  locked  to  the  37th  harmonic  of  the  overall  format 


TN-4  contains  more  complete  test  results,  including  partial  multipath  eclipsing. 
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Figure  A-6  SCENARIO  A-2  WITH  PROPELLER  MODULATION 
I PARALLEL  HANGAR  ELEVATION 

; -6  dB  MULTIPATH 

* f WORST  CASE  PROPELLER  MODUUTION 

I 60  dBm  SIGNAL  LEVEL 
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DEGREES  ; ■ ■ i . : : : : : ; mean  error,  degrees 


PROPELLER  MODULATION,  dB 


Figure  A-7  SCENARIO  B-1  WITH -PROPELLER  MODULATION 
ELEVATION,  HANGAR 
-6  dB  MULTIPATH 

WORST  CASE  PROPELLER  M0DUUTION 
60  dBm  SIGNAL  LEVEL 
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repetition  frequency  (0.592  second  period).  The  results  appear  in  Figure  A-10. 
Also  appearing  on  this  plot  are  averages  of  several  tests  taken  with  a free 
rmining  frequency  for  random  phase  results.  The  random  phase  tests  were  taken 
with  the  propeller  modulation  free  running  at  nearly  1 Hz  (25  rpm)  lower  frequency 
than  the  worst  case  37th  harmonic.  Even  for  the  average  case,  it  is  seen  that, 
in  the  presence  of  multipath,  propeller  modulation  causes  a significant  error 
increase  when  the  multipath  separation  angle  approaches  one  beamwidth  as  occurs 
in  scenario  B-1. 

The  one  case  where  direct  and  multipath  eclipsing  are  virtually 
simultaneous  is  for  ground  reflections  in  azimuth.  This  case  is  illustrated 
in  Figures  A-11  and  A-12  for  scenario  E-1  (5®  transverse  ground  slope).  The 
additional  error  attributable  to  propeller  modulation  is  quite  small  in  this 
case. 
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Figure  A-10  SCENARIO  B-1  WITH  PROPELLER  MODUUTION 
VARIABLE  PROPELLER  PHASE 
ELEVATION,  HANSAR 
BREADBGARB  RECEIVER 
-6  dB  MULTIPATH 
80  KNOTS  APPROACH  SPEED 
WORST  CASE  PROPELLER  FREQUENCY 
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Appendix  B 

WEATHER  RADAR  AND  CW  INTERFERENCE  TESTS 


Both  pulse  and  CW  interference  tests  have  been  run  on  the  TRSB 
receivers.  The  pulse  tests  have  simulated  the  interference  effects  in  the 
MLS  band  of  the  C-band  weather  radars.  A limited  number  of  tests  were  conducted 
with  CW  interference  that  are  representative  of  possible  AEROSAT  interference 
and  any  unauthorized  spurious  emissions  in  the  MLS  band. 

B. 1 Weather  Radar  Interference  Tests 

Pulse  interference  tests  were  run  on  the  TRSB  processors  to  measure 
the  sensitivity  of  the  processing  techniques  to  interference  from  weather  radars. 
An  MLS  antenna  located  in  a radome  adjacent  to  a C-band  weather  radar  will  be 
subject  to  some  level  of  interference  from  the  radar  transmissions. 

Two  unsychronized  pulse  trains  were  used  in  these  tests  to  simulate 
the  interference  level  in  the  MLS  band  from  the  weather  radars. 

2 microseconds,  400  PPS  pulses  typical  of  the  AVQ-10  and  RDR-IC  radars 

6 microseconds,  200  PPS  pulses  typical  of  the  AVQ-30  radar 

The  C-band  pulses,  at  the  MLS  frequency  were  added  to  the  receiver 
inputs  and  varied  in  level  relative  to  the  DPSK  or  scanning  beaim  signals.  The 
proportion  of  missed  scans  (for  the  DPSK)  and  frame  flags  (for  angle  data)  in 
a ten  second  period  were  recorded  as  a measure  of  the  interference  effect. 

Since  the  receivers  hold  the  previous  output  when  a missed  scan  or  frame  flag 
occurs,  there  was  very  little  increase  in  angle  noise  even  at  the  point  of 
angle  drop  out  (50%  missed  data).  Several  DPSK  and  angle  signal  levels  were 
used  as  well  as  with  no  DPSK  signals. 

Four  different  processors  were  used  in  these  tests.  These  were  the 
Phase  3 receiver  PlOl,  Phase  2 1/2  receiver  E103,  Phase  2 1/2  breadboard 
receiver  and  the  single  edge  processor  (SEP)  breadboard.  The  main  differences 
in  the  interference  rejection  of  receivers  PI 01  and  E 103  for  these  tests  were 
the  narrow  adaptive  tracking  gates  in  the  PlOl  receiver  instead  of  the  wide 
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(about  250  microseconds)  tracking  gates  of  receiver  E103.  Both  receivers  have 
12  microsecond  pulse  slicers  designed  to  eliminate  the  first  12  microseconds  of 
rapidly  rising  signals  as  protection  against  pulse  interference.  These  receivers 
also  shave  the  leading  edge  of  the  dwell  gates  by  12  microseconds  for  receiver 
PlOl  and  20  microseconds  for  receiver  E103.  The  processing  logic  in  the  bread- 
board processor  was  similar  to  receiver  E103  except  it  has  no  pulse  slicer  or 
confidence  counter  for  out-of-beam  multipath.  The  single  edge  processor  used 
the  tracking  gates  of  the  breadboard  processor. 

In  interpreting  the  results  of  these  tests  it  should  be  noted  that 
C-band  radars  typically  rotate  360®  every  4 seconds.  The  transmitter  is  emitting 
pulses  only  while  the  antenna  is  pointing  within  ±120  degrees  of  the  aircraft 
heading.  Thus,  the  interference  can  occur  only  2 2/3  seconds  out  of  every  4 
second  period.  The  TRSB  antenna  is  located  in  the  near  field  of  the  radar 
antenna  and  will  receive  interfering  pulses  that  are  amplitude  modulated  as 
the  radar  dish  rotates. 

* 

Interference  level  tests  at  NAFEC  with  the  RDR-IC  radar  show  two  peak 
lobes  with  several  sidelobes  that  are  down  5 to  10  dB  during  the  time  the  radar 
is  radiating.  The  test  data  showed  the  duration  of  the  peak  lobes  were  less 
than  0.4  seconds  with  a peak  interference  level  of  about  -70  dBm  at  a frequency 
of  5189  MHz  (Phase  2 1/2  receiver).  The  simulated  interference  tests  were  run 
with  a continuous,  constant  amplitude  pulse  train  and  indicate  the  effects  at 
the  peak  interference  levels.  The  short  duration  of  the  main  interference  lobes 
must  be  considered  in  evaluating  these  simulation  test  results. 

B.1.1  Phase  3 Receiver  Tests 

The  results  of  these  tests  are  shown  in  Figures  B-1  to  B-5.  Figures 
B-1  and  B-2  show  the  percentage  of  missed  data  plotted  versus  the  level  of  pulse 
interference  in  dBm  for  the  2 microsecond,  400  PPS  pulses  and  6 microsecond, 

200  pps  pulses.  Several  levels  of  DPSK  and  angle  signals  have  been  used.  Both 
azimuth  and  elevation  tests  were  run  at  a level  of  -95  dBm  for  DPSK  and  -85  dBm 


NAFEC  Weather  Radar  Interference  Test  Report. 


B-2 


% MISSES  (DPSK  ANGLE) 


- Interference  above  this  level  caused 
system  flags  due  to  the  out»of-beaa 
multipath  confidence  counter 


Figure  B-2 

Interference  from 
6 psec,  200  PPS 
Weather  Radar 
Receiver  PlOl  , Phase  3 

Azimuth 

. DPSK  ■ -90  dBm 

Angle  ■ -61  dBm 

* DPSK  - -80  dBm 

Angle  ■ -71  dBm 

0 DPSK  ■ -95  dBm 

Angle  ■ -85  dBm 

- - - - Elevation 

X DPSK  - -95  dBm 

Angle  ■ -85  dBm 


PULSE  INTERFERENCE.  dBm 


% FUGS 


Fo- 


l->-  Interference  above  this  level  caused 
' system  flags. due  to  the  out-of>beam 
multipath  confidence  counter 


lO 


lo  3o 

B-5 


HO 


^C> 


Figure  B-4 

DPSK  Interference 
from  2 ysec,  400  PPS 
Weather  Radars 
Receiver  PlOl,  Phase 

Azimuth 

DPSK  Levels 

D ■ -95  dBm 
• • -90  dBm 

+ • -80  dBm 

- - - Elevation 

X ■ -95  dBm 


X MISSES 


for  angle  data,  typical  of  long  range  operation  (such  as  20  miles).  The  curves 
show  that  an  interference  level  of  about  -70  dBm  with  the  2 microsecond,  400 
PPS  pulses  will  cause  approximately  10%  missed  scans  for  both  azimuth  and 
elevation  data  (a  17  dB  pulse-interference  to  angle  ratio).  At  higher  signal 
levels  this  drops  down  to  less  than  1%.  For  the  6 microsecond,  200  PPS  pulses, 
the  -70  dBm  interference  level  causes  16%  missed  scans  for  azimuth  and  9%  for 
elevation  during  the  period  of  peak  level  interference.  Thus,  the  peak  inter- 
ference level  of  -70  dBm  measured  in  the  NAFEC  tests  with  the  weather  radar 
would  not  cause  any  significant  degradation  in  the  data  accuracy. 

System  flags  occurred  as  noted  on  Figures  B-1  and  B-2  with  some  of 
the  PlOl  receiver  pulse  interference  tests.  In  this  receiver  a system  flag 
indicates  either;  1)  an  insufficient  rate  of  good  data  (no  data  for  1 second  or 
more  than  50%  frame  flags  in  2 seconds,  for  example),  or  2)  lack  of  confidence 
caused  by  15  seconds  of  continuous  out -of -beam  signal  that  exceeds  the  in-beam 
signal.  Intermittent  out-of-beam  signals  typical  of  the  scanning  radar,  normally 
would  not  generate  a system  flag  from  the  confidence  count. 

With  simulated  radar  signals  of  200  and  400  pulses  per  second,  the 
probability  of  pulses  falling  within  the  tracking  gates  and  disrupting  more  than 
50%  of  the  scans  is  negligible.  The  average  number  of  such  coincidences  should 
only  be  about  6 and  12%  for  these  two  pulse  trains  but  will  increase  with  signal 
level  due  to  radar  pulse  stretching  in  the  input  filter  of  the  receiver.  (The 
Phase  2 1/2  receiver,  E103,  has  tracking  gates  that  are  about  twice  as  wide  as 
those  in  PlOl  so  that  the  proportion  of  missed  scans  is  approximately  doubled.) 

When  the  out-of-beam  radar  video  pulses  exceed  the  in-beam  signal, 
the  confidence  counter  is  decremented.  This  is  a highly  likely  occurrence 
because  the  whole  TO-FRO  time  is  tested  for  these  larger  signals.  The  average 
number  of  such  perturbed  scans  is  over  100%  (some  scans  contain  more  tlian  one 
radar  pulse)  except  for  the  case  of  elevation  and  the  200  pulses  per  second  radar. 
This  case  provides  only  an  average  of  60%  perturbed  scans  so  the  confidence 
counter  is  decremented  slowly  (40  up  counts  for  each  60  down  counts)  and  the  IS 
second  range  of  the  counter  was  not  reached  in  a typical  17  second  test  (see 
Figure  B-3) . Although  the  signal  level  that  caused  confidence  decrements  was  not 
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measured  precisely,  comparison  of  the  system  flag  points  indicate  that  a pulse 
to  scanning-beam  ratio  of  +20  dB  for  6 psecond  pulses  and  +24  dB  for  2 psecond 
pulses  is  sufficient.  It  should  be  noted  that  for  the  intermittent  weather-radar 
pulse-interference,  system  flags  would  not  occur  at  these  interference  levels. 

Further  tests  were  run  to  measure  the  sensitivity  of  the  UPSK  and 
angle  data  separately.  Figure  B-3  illustrates  the  interference  effect  on  angle 
only  data.  For  azimuth  and  elevation  data  about  6%  missed  scans  occur  when  the 
pulse  interference  level  is  about  15  dB  above  the  angle  signal  or  -70  dBm  for 
the  6 microsecond,  200  PPS  pulses.  For  the  2 microsecond,  400  PPS  pulses  an 
interference  level  of  -70  dBm  caused  less  than  1%  missed  scans. 

Figures  B-4  and  B-5  show  the  percentage  of  missed  scans  as  a function 
of  pulse  interference  level  for  several  DPSK  signal  levels.  For  very  high  inter- 
ference levels  the  6 microsecond,  200  PPS  pulses  can  cause  about  10%  missed  DPSK 
decodes.  The  2 microsecond,  400  PPS  pulses  can  reach  about  20%  missed  decodes. 
These  tests  show  that  at  low  signal  levels  the  missed  DPSK  decodes  are  the  major 
effect  of  pulse  interference  from  weather  radars  and  missed  frames  due  to  angle 
interference  become  significant  only  after  the  interference  level  exceeds  the 
angle  signal  by  about  15  dB.  It  should  be  noted  that  the  interference  levels 
causing  these  missed  decodes  may  vary  with  different  decoder  implementations. 

B.1.2  Phase  21/2  Receiver  Tests 

The  results  of  tests  on  the  Phase  21/2  receiver  for  elevation  data 
are  shown  in  Figure  B-6.  These  tests  were  run  with  the  scanning  beam  signal  at 
-80  dBm  and  the  DPSK  at  -92  dBm.  Pulse  interference  levels  of  -65  dBm  and  -70  dBm 
caused  10%  missed  scans  for  2 microsecond,  400  PPS  pulses  and  6 microsecond, 

200  PPS  pulses.  These  interference  levels  are  higher  than  shown  for  the  Phase  3 
receiver,  probably  due  to  a DPSK  level  of  -92  dBm  compared  to  -95  dBm. 

Additional  tests  were  run  on  the  breadboard  receiver  which  is  similar 
to  the  Phase  2 1/2  receiver  El 03  except  it  does  not  have  the  pulse  slicer,  con- 
fidence counter  and  DPSK  decoder.  These  results  are  shown  in  Figure  B-7.  The 
10%  interference  level  occurs  at  pulse  interference  levels  10  dB  and  15  dB  above 
the  angle  data  for  these  two  pulse  trains,  which  shows  a greater  angle  sensitivity 
to  pulse  interference  than  the  Phase  3 receiver.  Receiver  PI 01  requires  the  50  dB 
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and  20  dB  interference  levels  shown  in  Figure  B-3.  The  pulse  slicer  and  narrow 
tracking  gates  probably  account  for  this  difference. 


In  Figure  B-7  the  percentage  of  misses  for  the  2 microsecond,  400  PPS 
pulses  are  very  close  to  those  for  receiver  E103  shown  in  Figure  B-6.  The  6 
microsecond,  200  PPS  pulses  produce  significantly  fewer  misses  at  high  pulse- 
to-signal  ratios  than  were  found  for  receiver  E103.  It  appears  that  many  of 
the  misses  in  the  El 03  receiver  tests  must  have  been  caused  by  interference 
with  the  DPSK.  A change  of  20  dB  in  signal  level  did  not  affect  the  test  results. 

B.1.3  SEP  Pulse  Interference  Tests 

The  interference  tests  on  the  breadboard  processor  were  repeated  on 
the  single  edge  processor.  Figure  B-8  shows  the  results  of  these  tests.  In 
j general,  the  same  characteristic  curve  is  produced  by  both  receivers.  Again, 

the  results  appear  relatively  independent  of  signal  level. 

The  results  for  the  breadboard  and  SEP  receivers  are  compared  in 

I Figure  B-9.  Although  the  differences  are  not  great,  the  SEP  receiver  seems 

slightly  more  sensitive  to  relatively  low  pulse  levels.  At  higher  pulse  inter- 
ference levels,  the  SEP  saturates  at  a somewhat  lower  level  of  missed  scans, 
indicating  a narrower  region  of  sensitivity. 

I 

B.1.4  Acquisition  Tests,  PlOl  Receiver 

i i Azimuth  angle  acquisition  tests  were  carried  out  by  first  supplying 

the  receiver  with  a solid  DPSK  signal  (-95  dBm).  Pulse  interference  was  then 
introduced  and  the  scanning  beam  was  turned  on  at  a level  of  -85  dBm.  Acquisition 
was  achieved  within  one  second  when  the  interfering  pulses  were  below  a well 
defined  threshold.  Above  this  threshold,  acquisition  did  not  occur.  The  relative 
pulse  amplitudes  for  this  threshold  are  as  follows: 

{ Relative  Pulse  Amplitude 
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No  Acquisition 
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In  comparing  these  thresholds  with  the  data  in  Figures  B-1  and  B-2  it 
is  noted  that  system  flags  occur  at  higher  pulse  amplitudes  of  ■•■25  dB  and  ■•■20  dB 
when  the  signal  is  being  tracked.  Since  no  radar  interference  occurs  when  the 
radar  dish  is  point  aft  (transmitter  is  off)  for  a period  of  over  one  second 
during  each  4 second  scan  period  the  signal  would  always  be  acquired  until  the 
interference  level  reaches  ■•■20  dB  or  ■•■25  dB.  Acquisition  for  this  receiver 
occurs  in  one  second  with  no  interference. 

B.2  CW  Interference  Tests 

Tests  were  run  to  determine  the  effects  of  continuous  wave  (CW)  signals 
on  the  TRSB  receiver.  The  Phase  3 receiver  PlOl  was  used  in  these  tests.  Figure 
B-10  shows  the  results  of  in-band  CW  interference  on  the  TRSB  signals.  The  two 
curves  show  the  percent  of  missed  scans  as  a result  of  interference  with  the 
angle  and  DPSK  data  separately.  Both  signals  show  a large  number  of  missed  scans 
when  the  CW  signal  level  is  -10  dB.  It  was  observed  in  these  tests  that  CW 
interference  causes  the  DPSK  signal  and  the  scanning  beam  to  break  up. 
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